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Abstract 
Organic semiconductors are of great interest for a broad range of optoelectronic applications 
due to their solution processability, chemical tunability and mechanical flexibility. In contrast 
to traditional banded semiconductors, organic semiconductors are intrinsically disordered 
systems and exhibit therefore much lower charge carrier mobilities. They are also low dielectric 
constant systems – as such, their photo-excitations are excitonic at room temperature with the 
electron-hole pair remaining Coulombically-bound. Blending organic semiconductors with 
differing electron affinities, so-called electron acceptors and donors, creates molecular 
heterojunctions which deliver the required driving force for exciton separation. These so-called 
bulk heterojunctions (BHJs) are the dominant architecture for creating organic photovoltaic 
cells and photodetectors. However, not least because of an incomplete understanding of the 
underlying physical mechanism that control the conversion of photons to free charges, and the 
subsequent extraction of these free charges to the electrodes, these organic optoelectronic 
systems still lag behind their inorganic counterparts. 
 
Motivated by these factors, the work described in this thesis advances the fundamental 
understanding of the loss mechanisms associated with charge photogeneration and charge 
transport phenomena in BHJ organic solar cells and photodetectors, and presents new 
experimental methodologies to study these processes. The transport of photogenerated charge 
carriers in the percolated donor: acceptor pathways towards the extracting electrodes has been 
studied in-depth via existing and newly developed transient photovoltage and steady-state 
characterization techniques. A simple but conclusive understanding has been developed which 
allows for minimization of the detrimental recombination of free charge carriers for given 
device parameters such as film thickness, applied voltage and the mobility of the slower carrier 
type (either electrons or holes). The models’ predictions have been experimentally validated for 
many different (> 25) BHJ solar cell systems. Inspired by the need to selectively optimize the 
processes which control the photocurrent output of the cell, such a charge photogeneration and 
extraction, a technique to quantify and disentangle both efficiencies has been developed as a 
next step. Corroborated by transient absorption spectroscopy, the dynamics of the photocarrier 
generation process was examined. The results suggest that the so-called charge-transfer state 
(CTS) separation limits the conversion of photons to free charges and the photocurrent output 
from short-circuit to the maximum power point, strongly depending on the slower carrier 
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mobility. These findings were explained by the ability of the slower carriers to leave the donor: 
acceptor interface via 1) a high enough mobility, 2) a sufficiently large domain size, and 3) 
enough conduction pathways (entropy). This work also shows that the dynamics of charge 
extraction and CTS dissociation are similar in the sense that both are critically controlled by the 
slower carrier mobility. As such, the findings underline the importance of optimizing the 
photocarrier generation quantum yield via a high mobility of both charge carrier types, which 
simultaneously maximizes the extraction yield as well. Lastly, the large benefit of re-
dissociating CTS for all photovoltaic key parameters has been demonstrated for one of the most 
efficient organic solar cell systems to-date. Overall, the works presented in this thesis form a 
simple but powerful model to explain the performance of organic solar cells and photodetectors, 
and offer direct optimization guidelines through a more complete fundamental understanding 
of charge generation and transport phenomena in these systems. 
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Chapter I: Introduction  
I.1 Organic Photovoltaics and Photodetectors 
Sustainable and efficient energy production is one of the biggest challenges mankind has to 
face in the 21st century. The global energy consumption is ever increasing, along with the 
increasing population and economic expansion, as well as CO2 emissions. This, in combination 
with the limited amount of finite energy resources such as coal, oil, and natural gas poses a 
serious problem for mankind’s energy security and the environment. Nevertheless, renewable 
resources currently play only a minor role in our energy supply (~19% in 2013 [1]), and the 
majority of this comes from biomass and hydro energy. Solar photovoltaic and wind energy 
play an even smaller role providing about 1% of the global energy supply in 2015 [1, 2], despite 
the sun being by far the most abundant energy resource available. Figure 1 illustrates that the 
earth receives an estimated electrical energy of 89000 TWy [3] per year from the sun which 
greatly exceeds the human energy demand of ~18 TWy (in 2013 [2]). In fact, the annual solar 
energy incident on earth’s land masses greatly exceeds that which will ever be gained from 
fossil fuels and uranium combined. 
 
The logical conclusion is to direct efforts to reduce our dependence on the finite resource via 
existing technologies to harvest the sunlight, and to establish ways to do this more effectively 
at a lower cost. Indeed, considerable endeavour has been dedicated worldwide to a 
sustainable energy transition. Most notably, Germany is aiming to increase its share of 
renewable energies for electricity to 80% by 2050 [4], with solar power playing a key role.  
.  
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Figure 1. Orders-of-magnitude estimates of technical/available world potentials of renewable 
energy resources compared to totally recoverable/finite resources and our energy demand. All 
resources are represented by the volume of the spheres. The “Technical Potential” means 
resources that can be extracted and converted into electrical energy given current technologies. 
For example, assuming a photon-to-electron conversion efficiency of ~30% and harvest only 
from landmasses that are reasonable accessible. The solar power that strikes earth’s 
landmasses greatly exceeds the sum of all finite proved reserves. Renewable energy data 
adapted from [3]. Gas, petroleum and coal resources are estimates according to a report of 
British Petroleum in 2015 [5]. Uranium estimates are taken from [6]. 
 
Photovoltaic (PV) cells that directly convert the sunlight into electricity are one the most 
promising technologies to utilize solar power. Currently, commercial PV cells use almost 
entirely crystalline silicon as the active layer material. There are multiple reasons for this, 
notably, the abundance of silica - the raw material for silicon, as well as widespread usage of 
silicon in a broad range of electronic elements and therefore the availability of silicon 
processing techniques.  To date, silicon solar cells achieve in laboratories power conversion 
efficiencies of 25% [7, 8], and the module price industrially is constantly decreasing. Today, 
the technology is already cost-competitive compared to other power generation technologies 
based on fossil fuels, and has a large potential to address our future energy needs. For example, 
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simple calculations show that, in fact, covering only <1% of the earth’s surface with silicon 
cells could theoretically cover the required energy demand [3].   
 
However, the Si PV technology has its limitations. For example, the growth of monocrystalline 
silicon requires high-temperature processing techniques (~1400 °C [9]). This leads to an energy 
payback time of a few years [10]. Moreover, the efficiency of silicon cells is fundamentally 
limited to close to 30% [11, 12]. In the long term, solar cells fabricated from synthesized 
inexpensive materials could produce electricity at a much lower cost and surpass silicon cells. 
These facts have triggered significant research into the development of alternative (thin-film) 
PV technologies in the past decades. Examples include, copper indium gallium selenide, 
cadmium telluride, quantum dots, copper zinc tin sulphide, organohalide perovskites and 
organic dyes, polymers and small molecules. While all these types have certain advantages and 
disadvantages, to date their long term photovoltaic performance remains well below silicon 
cells [13].  
 
One of the main benefits of organic solar cells (OSCs) fabricated from semiconducting small 
molecules and polymers is their potential for solution deposition and lightweight active layers. 
Therefore, cheap fabrication techniques such as spin coating, inkjet printing or roll-to-roll 
printing are applicable to ideally print the whole PV module in a single step. Early research 
efforts into single layers of organic semiconductors sandwiched between electrodes provided 
efficiencies of below 1%. The invention of the so-called “bulk heterojunction” (BHJ) cell in the 
early 90s [14] has significantly accelerated the research activities into organic solar cells and 
record efficiencies of 11.5% [15] have been achieved for single and small area junctions in 
laboratories. However, to date several problems render this technology not competitive 
compared to other photovoltaic technologies. These problems include the relatively low power 
conversion efficiencies, degradation problems, difficulties in scaling the device area for large 
area applications without further efficiency losses; and last but not least an incomplete 
understanding of the underlying physical mechanism that control the photon energy conversion.  
 
In parallel to the development of organic semiconductors for photovoltaic applications, these 
materials have received enormous attention for application in other optoelectronic systems, due 
to their low fabrication costs, chemical tunability and mechanical flexibility. Examples of these 
electronic devices include organic light emitting diodes (OLED), flexible transistors for 
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bioelectronics applications (OFETs), or photodetectors for light detection (OPDs). The 
simultaneous developments in these fields have coined the term organic electronics. Like solar 
cells, photodetectors are light harvesting diodes, however, light detection applications require 
the optimization of different figures of merit [16]. Photodetectors are essential for a large 
number of systems, for example cameras, fibre-optic communication, biological sensing or 
spectroscopy [17]. In this field, organic semiconductors are of great practical interest as they 
exhibit unique properties that inorganic semiconductors do not possess. Most notably, organic 
semiconductors provide tunable energy levels and thereby tunable absorption spectra. This 
opens up new possibilities for wavelength selective colour discrimination. On the other hand, 
inorganic semiconductors exhibit broadband spectral responses and dichroic prism or optical 
filters are used for wavelength selective light detection, which increases the complexity of the 
pixel and limits the quality of sensing. The properties of organic semiconductors are particularly 
desirable for infrared vision, narrow band colour sensors, machine vision, advanced 
surveillance, or infrared blind cameras. However, OPDs are also often limited by the physical 
mechanisms that control the photon energy conversion.  
  
I.2 Aims and Structure of the Thesis 
The work described in this thesis aims to advance the fundamental understanding of organic 
semiconductor physics primarily for solar energy applications and secondly for photodetectors. 
The objectives of this work are as follows:  
 
I: The first objective of this thesis is the development of new experimental techniques to surpass 
the limitations of existing methodologies in order to more reliably study charge transport and 
recombination of disordered semiconductors and associated photovoltaic diodes. This objective 
includes the development of a theoretical/experimental framework to measure the charge carrier 
mobilities of electrons and holes as they move towards the extracting electrodes, as well as their 
recombination rates. The methodologies should be applicable to relevant devices under close-
to-operational conditions, in order to correlate the charge transport parameters to the 
performance of the device under test.  
  
II: The second objective is to understand the impact of the charge transport on the photovoltaic 
performance of organic photocells; and to establish generally valid design principles to 
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minimize the detrimental charge recombination losses in devices with varying nano-
morphology, percolation pathways etc. This goal requires the development of an experimental 
technique to reliably measure the charge transport efficiency, as well as a deep understanding 
of the interplay between film thickness, driving voltage, charge carrier mobilities recombination 
coefficients, charge trapping and recombination dynamics. Subsequently, the impact of these 
parameters on the charge extraction efficiency needs to be addressed.  
  
III: The third objective of this thesis lies in the investigation of the photocarrier generation 
mechanism; to understand its impact on the device performance, and to establish ways to 
optimize the charge generation yield. Despite 25 years of tremendous research efforts, the 
process by which charge carriers are formed is still not fundamentally understood, and remains 
heavily debated. This thesis focuses in particular on the relationship between the donor: 
acceptor percolation pathways, the donor: acceptor blend ratio, charge carrier mobilities, 
electric field - and the impact of these variables on the exciton and charge-transfer state splitting 
efficiency. This goal requires the development of a new methodology to quantify the overall 
generation yield, corroborated by exiting spectroscopic tools to probe the dynamics of charge 
generation phenomena on very short timescales (fs-to-ns).  
 
Chapter I contains an introduction to the research topic, and Chapter II the theoretical and 
experimental background as well as a literature review of recently debated topics in this field. 
The sections thereafter are based upon submitted and published works by the author in the peer 
reviewed literature. These works are grouped into three main parts: Methodology Development 
(Chapter III), Advances in Fundamental Understanding of Charge Transport (Chapter IV), 
Advances in Fundamental Understanding of Charge Generation (Chapter V). The published 
and submitted works are converted to the general format of the thesis. (Chapter VI) presents 
the conclusions of this thesis. 
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Chapter II: Theoretical and 
Experimental Framework  
In this second chapter, the basic experimental and theoretical constructs relevant for the work 
described in this thesis are detailed. In particular, the basic physics of organic semiconductors 
will be exemplified and key differences between organic and inorganic semiconductors 
highlighted. Concepts such as charge generation, transport and recombination as they pertain 
to excitonic, disordered semiconductors will be covered and contextualised with respect to light 
harvesting diode architectures such as the bulk heterojunction. In addition, the electro-optics of 
thin film, low finesse semiconductor cavities will be described alongside the basic operating 
performance parameters of solar cells. Once these fundamental precepts have been established, 
conventional experimental methodologies used to characterise both materials and devices will 
be discussed. Lastly, “hot topics” in the field are outlined and strategies to improve the 
photovoltaic performance of organic light harvesting systems identified. 
 
II.1 Organic Semiconductors/Insulators compared to Inorganic 
Semiconductors 
Inorganic semiconductors, such as silicon or germanium form a periodic crystal structure. Each 
atom is covalently bonded by sharing one of its 4 valence electrons with one neighbouring atom. 
Bringing together a large number of atoms and electrons creates a quasi-continuum of possible 
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electron energy levels – an energy band. At finite temperatures, electrons are able to leave the 
localized bonds and become free and delocalized across the whole crystal. The energy band 
corresponding to the free electrons is called the conduction band, while electrons remaining in 
the covalent bonds from the valence band. In semiconductors, these bands do not cover the 
whole energy range and a gap exists between the valance and the conduction band which is not 
accessible by electrons. In the conduction band, one can think of electrons as an ideal gas, which 
is in a first approximation only perturbed by the potential of the lattice atoms. Mathematically 
these electrons can be described as Bloch electrons, which are the solutions to the single 
electron Schrödinger equations that describes the system. 
 
As opposed to inorganic semiconductors, the conducting properties of organic semiconductors 
arise from their backbones of contiguous sp2 hybridized carbon atoms and their perpendicular 
oriented pz orbitals. The coupling of pz orbitals of adjacent carbon atoms leads to delocalized 
electron and hole densities across the molecule. According to molecular orbital theory, the sp2 
orbitals form sigma molecular orbitals (i.e. rotationally symmetric bonds with respect to the 
bond’s axis) which are either bonding (σ) or and anti-bonding (σ*). Likewise, the pz orbitals 
form bonding and antibonding molecular π orbitals. The bonding (π) and antibonding (π*) 
orbitals are usually the molecule’s Highest Occupied Molecular Orbital (HOMO) and the 
Lowest Unoccupied Molecular Orbital (LUMO), respectively. Solids of organic 
semiconductors exhibit only weak intermolecular interactions of the van der Waal type. These 
interactions are a result of the fully occupied π orbitals and prevent electron delocalization and 
the formation of banded states across the whole solid. Due to the weak intermolecular 
interactions, the mechanical and electronic properties of these materials differ substantially 
from inorganic materials. It is noteworthy that the HOMO and LUMO terminology is 
misleading to describe the relevant energy levels in organic solids, albeit their omnipresence in 
the literature. The charge transport relevant energy levels are better described by a (Gaussian) 
distribution of delocalized and localized states, or simply by the ionization potential (IP) and 
electron affinity (EA) of the material.    
 
II.1.1 Electrical Conductivity and Mobility 
The electrical conductivity of any conductor is defined as  
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 𝜎 = 𝑒𝑛𝜇 ,  (1) 
 
where 𝑒 is the elementary charge, 𝑛 the carrier density and 𝜇 the carrier mobility. In addition, 
𝑛 and 𝜇 are dependent on various parameters such as light intensity, temperature and the band 
gap in a semiconductor. The conductivity can be precisely controlled by introducing n- or p-
type dopants (e.g. phosphorous or gallium in inorganic silicon-based semiconductors), which 
allow an increase of the carrier density by several orders of magnitude. The mobility is a 
measure of how fast charge carriers drift in the presence of an external field. As a result of the 
weak long range intermolecular electronic coupling, the charge transport in disordered organic 
semiconductors is usually limited by a hopping mechanism, leading to typically low mobilities. 
Typical mobilities values of organic semiconductors sandwiched between 2 electrodes, range 
between 10-6 cm2/V-1s-1 and 10-3 cm2/V-1s-1, while the electron mobility in silicon is around 
1400 cm2/V-1s-1 [18]. It is also important to mention that the mobility in organic solids is often 
dispersive, leading to a mobility distribution. 
 
II.2 Working Mechanism of an Organic Solar Cells  
The key steps of the photocurrent generation process in an organic photocell is schematically 
illustrated in Figure 2 and explained below:  
 
Figure 2. The 4-step photocurrent generation process in organic photocells. (i) Absorption, (ii) 
exciton diffusion and dissociation, (iii) charge-transfer state dissociation, and (iv) charge 
collection.  
9 
 
 
 
I - Absorption (𝜼𝐀𝐁𝐒): The first step is to absorb a photon in the photoactive layer of the cell. 
The photon energy is thereby transferred to an electron promoting it from the IP (HOMO) to 
the EA (LUMO), creating an exciton formally defined as a Coulombically bound electron-hole 
pair pseudo-particle.    
 
II - Exciton diffusion and dissociation (𝜼𝐄𝐗): After exciton generation, the exciton needs to 
dissociate into its constituent charges if the solar cell is to produce a photocurrent. As a 
consequence of the low dielectric constant in organic semiconductors (𝜀r ~ 3-5), the exciton is 
strongly Coulombically-bound with binding energies of several hundred meV [19]. This in 
combination with the low mobilities prevents a direct electron-hole dissociation as found in 
their high dielectric inorganic counterparts (Si, εr ~ 12) [20]. Current strategies to facilitate the 
exciton dissociation rely upon a finely mixed donor: acceptor network (“bulk heterojunction”, 
BHJ) in order to allow the exciton to reach the interface within the typical exciton diffusion 
length of ~10 nm [21].  
 
In the case the photon was absorbed by the donor material, the electron will be transferred from 
the EA of the donor to the EA of the acceptor, provided that the energy level offset is sufficiently 
large; usually > 0.3eV [21, 22]. The mirror process where the hole is transferred from the 
acceptor IP to the donor IP is equally possible, depending on which material was excited. The 
photoinduced electron transfer is also known as Channel I, while the photoinduced hole transfer 
is known as Channel II [23].  
 
III - Charge-transfer state dissociation (𝜼𝐂𝐓): The electron (transferred from the donor to the 
acceptor) and the remaining hole form the so-called charge-transfer state (CTS). The CTS is 
still Coulombically-bound (by several hundred meV [19]) and can either dissociate into free 
charges or recombine geminately.  
 
IV - Charge collection (𝜼𝐂𝐎𝐋𝐋): In this last step the free charge carriers must be transported 
via drift within the internal built-in electric field to the respective electrodes with a minimum 
of recombination losses. Percolated pathways of the donor and acceptor phases to the electrodes 
are required to achieve this. Charge collection is efficient if the charge carrier transit (extraction) 
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time 𝑡tr is shorter than the charge lifetime 𝜏. This restricts the maximum active layer thickness 
(𝑑, typically on the order of 100 nm [24, 25, 26]), above which the transit time is too long to 
guarantee efficient carrier collection. On the other hand, it is desirable to increase the film 
thickness to facilitate an increase in light absorption. Both, 𝜂ABS and 𝜂COLL therefore form a 
trade-off depending on the BHJ thickness.  
 
The efficiency, comprising these 4 processes, is expressed as the external quantum efficiency  
 
 EQE = 𝜂ABS 𝜂EX 𝜂CT 𝜂COLL =  𝜂ABS IQE ,  (2) 
 
which gives the number of collected charges per incident photon, while the internal quantum 
efficiency (IQE) gives the number of collected charges per absorbed photon. The product of the 
exciton (𝜂EX and 𝜂CT) is defined in this work as the generation yield 𝜂GEN. The EQE determines 
the photocurrent at a given irradiation intensity and spectrum 
 
 
𝐽SC = 𝑒 ∫ EQE(𝜆)
∞
0
× 𝜑(𝜆) 𝑑𝜆 , 
(3) 
 
where 𝑒 is the elementary charge and 𝜑(𝜆) the air mass 1.5 global (AM1.5G) solar spectrum 
with 100 mW/cm2. The EQE can be measured experimentally and the IQE can be obtained 
upon knowing the active layer absorption spectrum.  
 
II.3 Power Conversion Efficiency  
In order to generate electrical power the cell must also generate voltage. The maximum voltage 
a solar cell can produce is known as the open-circuit voltage 𝑉OC. For a BHJ organic solar cell 
(OSC) the 𝑉OC is limited by the energy levels of the IP of the donor and EA of the acceptor 
material 
 
 𝑒𝑉OC(max) <  IPD − EAA (4) 
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The contact electrodes impose a secondary limitation along with the CTS energy and other 
chemical potential losses. If the solar cell is biased either with a voltage or load resistance, the 
photocurrent and voltage will change. The condition under which the photocurrent-voltage 
product is at maximum defines the maximum power voltage 𝑉MP. The solar cell’s performance 
is defined as the power conversion efficiency (PCE), which represents the ability of the cell to 
convert optical power (𝑃light) into electrical power (𝑃SC).  
 
 
PCE =  
𝑃SC
𝑃light
=
𝐼sc ∗ 𝑉OC ∗ FF
𝑃light
 , 
(5) 
 
Here, 𝐼SC is the short-circuit current and FF denotes the fill factor, defined as the ratio of the 
maximum achievable power 𝐼MP𝑉MP (i.e. the current-voltage product at the maximum power 
point) and the product of 𝐼SC𝑉OC. Figure 3 shows a typical current-density versus voltage (𝐽𝑉) 
curve and the key parameters that define the PCE.  
  
 
Figure 3. Current-density vs. voltage characteristics. The key photovoltaic parameters are 
marked such as the short circuit current density (𝐽SC), open-circuit voltage (𝑉OC), current 
density (𝐽MP), and voltage at maximum power point (𝑉MP) and fill factor (FF).   
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II.3.1 Theoretical Efficiency Limiting Processes 
In 1961, William Shockley and Hans Queisser calculated the possible efficiency of single 
junction solar cells based on the fundamental thermodynamic physics [27]. An upper limit of 
≈30% was specified as the detailed balance efficiency (Shockley-Queisser) limit (although this 
value has been later slightly corrected to ≈33% [28, 29]). Figure 4 presents a breakdown of the 
inevitable energy losses in single junction solar cells, which are discussed below. 
 
I - Spectral Losses: The trade-off between absorption losses of photons with higher energy 
than the optical gap, and the relaxation of carriers to the band edge imposes an upper efficiency 
limit to the cell (which is 48% for Si [28]). Only photons with energy > optical gap can be 
converted to electrons. In a Si p-n junction with a bandgap of 1.1 eV this amounts to 19% of 
the incoming sunlight [28]. Lowering the bandgap, however, increases the losses due to 
relaxation of carriers to the band edge. In a silicon p-n junction, for instance, a large portion of 
the energy of a blue photon (e.g. 2.75 eV) is lost due to thermal relaxation (approximately 33% 
of the incoming energy).  
 
II - Radiative recombination: The opposite process to photon absorption, where the electron 
and hole recombine with the emission of a photon, is an inevitable loss mechanism according 
to the principles of detail balance. The radiative recombination losses increase with applied 
forward voltage [28, 29], which increases the concentration of electrons and holes in the 
conduction and valence bands, respectively. Even in the dark without external voltage applied, 
the cell will emit blackbody electromagnetic radiation at a finite temperatures, which limits the 
maximum 𝑉OC below the bandgap.  
 
Even for silicon cells, there are some other loss mechanisms leading to a maximum achievable 
efficiency, somewhat below the detailed balance limit of close to 30% [11, 12]. These include 
non-radiative (e.g. Auger) recombination losses and optical absorption losses due to light 
reflection. These losses present also for a BHJ OSCs, the fundamental barrier, however, for this 
type of solar cell, many other factors need to be considered:  
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Figure 4. The maximum efficiency according to the Shockley-Queisser model as a function of 
the junction bandgap. Breakdown of the photon energy losses: spectral losses due to photons 
below the bandgap and the relaxation of photogenerated charges to the band edges, as well as 
radiative recombination mainly due to the black body radiation limiting the open-circuit 
voltage. The maximum efficiency is achieved for junctions with a bandgap between 1.1 eV and 
1.4 eV. Data adapted from [28, 29]. 
 
Energy Level Offset (𝜹𝐄𝐀): One of the biggest disadvantages of OSCs compared to their 
inorganic counterparts are the low dielectric constants of their active layer materials. This 
imposes the need for a large energy level offset between the donor EA and acceptor EA in order 
to overcome both the exciton binding energy and the reorganization energy (see Section II.6.2). 
The offset means a reduction of the maximum achievable 𝑉OC due to the lower energy of free 
carriers (Figure 5). If the 𝑉OC is optimized via tuning the blend’s optical gap, then the 
absorption of the cell is compromised by a gap that is larger than optimal. It follows easily that 
a reduction of the energy level offset is the most promising strategy to minimize the wasted 
energy and optimize the photovoltaic performance.  
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Figure 5. Schematic representation of the donor: acceptor energy levels at open-circuit 
conditions highlighting the lost energy as a result of the requirement to split the strongly bound 
exciton.  
 
II.3.2 Current Challenges 
Despite the inherent limitations of the BHJ architecture, the efficiencies of BHJ OSCs remain 
far below their optimum [22]. Current challenges are discussed below. 
 
Losses in the Short-Circuit Current: A major limitation is the non-optimal optical gap of the 
active layer components. The highest performing donor and acceptors materials exhibit an 
optical gap of around ~1.8 eV [30], which is far below the optimal regime in the Shockley-
Queisser model (~1.1 eV to 1.4 eV). This limits the absorption of the individual components 
and this is borne out by the low short-circuit current density (~15 mA cm-2, compared to that of 
a silicon solar cell of ~40 mA cm-2). Koster et al. [22] showed that efficiencies of ~20% are 
feasible for optimized donor (acceptor) gaps of ~ 1.4 eV, even with an energy level offset of 
~200 meV. However, to date, the adjustment of the donor/acceptor energy levels is somewhat 
restricted to the use of [6,6]-phenyl-C70-butyric acid methyl ester (PC70BM) as a common 
acceptor, which provides by far the highest efficiencies. 
Additional Losses in the Open Circuit Voltage: The 𝑉OC is usually several hundred meV 
below the blend optical gap due to various reasons [31], such as interfacial disorder (broadening 
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of the energy levels), the short CTS lifetimes (several hundred ps), and large binding energies 
(~200 meV) [19].  
FF losses: While charge generation 𝜂GEN and transport 𝜂COLL are often quite efficient under 
short-circuit conditions, the photocurrent in forward bias is often poor. Therefore, the FF of 
many OSCs is usually significantly lower compared to their inorganic counterparts.  
Other losses: From a device engineering perspective, parasitic absorption processes in non-
active layers often reduce the device’s absorption efficiency. Non-ideal electrodes can cause 
charge injection barriers to the donor’s IP, and acceptor’s EA, and minority surface 
recombination at the contacts can further reduce the 𝑉OC and photocurrent [32, 33].  
 
II.4 Light Absorption in Optical Cavities 
The strong light absorption in organic semiconductors is one of their biggest advantages 
compared to inorganic semiconductors. Figure 6 shows the absorption coefficient 𝛼 of a model 
organic semiconductor blend comprising of poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-
(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole (PCDTBT) and PC70BM, compared to 𝛼 for 
monocrystalline silicon and gallium arsenide.  
 
 
Figure 6. The absorption coefficient of a typical organic semiconductor blend 
(PCDTBT:PC70BM, blended 1:1 by weight) used for OSCs, compared to the absorption 
coefficient of silicon (Si) and gallium arsenide (GaAs). Si and GaAs data reproduced from [34].  
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In an OSC, light absorption can occur in the donor as well as in acceptor material if the photon 
energy exceeds the optical gap. It is important to note that the optical gap (𝐸gap
optical
) is lower 
than the electrical gap 𝐸gap in inorganic semiconductors due to the large binding energy of the 
exciton (𝐸b
EX),  
 
 𝐸gap
optical
= 𝐸gap − 𝐸b
EX. 
 
(6) 
The strong light absorption allows employing very thin active layers (e.g. between 50 – 500 
nm), which are orders of magnitude thinner than used for Si or other thin-film solar cells (with 
active layers exceeding several μm).  
 
In order to calculate the light absorption efficiency, the cell needs to be considered as a thin 
film, low finesse optical cavity.  Optical effects such as light reflections, light interference and 
parasitic absorptions in non-active layers need to be taken into account. Figure 7 illustrates the 
light absorption in a photovoltaic diode in comparison to the film absorption on a glass slide.  
 
 
Figure 7. The active layer absorption of a film on a glass slide (left) is different to the active 
layer absorption of the same film sandwiched between two electrodes (right) due to the back 
reflection of the light and optical cavity effects.  
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According to Armin et al. [35] the most suitable strategy to obtain the desired active layer 
absorption is a multistep approach: First, the device reflectance spectra R(λ) needs to be 
measured. As the back electrode is non-transparent, the device absorption spectra A(λ) can be 
obtained via 1 - R(λ). Second, the parasitic absorption in non-active layers such as the electrodes 
and electron/hole transport layers needs to be subtracted from A(λ). The parasitic absorption 
can be estimated by simulating the optical field distribution and absorptions in all stack layers, 
using transfer matrix calculations [36]. This requires the knowledge of the spectral dependence 
of the refractive index 𝑛r and the absorption coefficient 𝑘 for all layers, which can be 
experimentally measured using spectroscopic ellipsometry.  
 
II.5 Charge Transport and Recombination  
Charge transport in low mobility organic semiconductors (< 1cm2 V-1s-1) can be understood as 
polarons hopping from molecule site to molecule site towards the extracting electrodes in the 
presence of the built-in field. A simple intuitive approach to calculate the hopping rate is given 
by Miller-Abraham theory [37, 38], which describes the charge transport via a combination of 
phonon-assisted tunnelling from hopping site i to j, and thermal activation. The hopping rate in 
the Miller-Abraham formalism is given by  
 
 
𝑘𝑖𝑗 = 𝑣0 𝑒𝑥𝑝
−𝛾𝑟𝑖𝑗 {  𝑒𝑥𝑝
−
𝜖𝑗−𝜖𝑖
𝑘B𝑇 ,    𝑖𝑓 𝜖𝑗> 𝜖𝑖   
   1                   𝑖𝑓 𝜖𝑗<  𝜖𝑖  
 , 
(7) 
 
where, 𝑣0  is the phonon vibration frequency or the jump-attempt rate; 𝛾 the inverse localization 
radius describing how well charges can tunnel from site i to j; 𝑟𝑖𝑗 is the distance between the 
sites with energy 𝜖𝑖 (𝑗); 𝑘B is the Boltzmann constant and T the temperature. The hopping 
velocity is 
 
 𝑣𝑖𝑗 = 𝑟𝑖𝑗 𝑡𝑖𝑗⁄ = 𝑟𝑖𝑗 𝑘𝑖𝑗  , (8) 
 
where 𝑡𝑖𝑗 is the time needed for a single hop. The hopping rate is, therefore, proportional to the 
mobility via  
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 𝜇 = < 𝑟𝑖𝑗𝑘𝑖𝑗 > 𝐸 ,  (9) 
  
where E the electric field, and < ⋯ > denotes the spatial average. The mobility defines the time 
it takes charge carrier to transit from one device electrode to the other electrode, i.e. the transit 
(or extraction) time  
 
 𝑡tr = 𝑑
2/𝜇𝑈 ,  (10) 
   
where U is the effective driving voltage of the cell. 
 
In order to understand the transport of the charge carriers to the extracting electrodes, one needs 
to consider the recombination rate of free polarons [39, 40, 41], and their lifetime 𝜏. The 
recombination rate follows from simple considerations. The recombination process involves 
always the annihilation of one electron and one hole (a “bimolecular” processes) or multiple 
particles at the same time. Because the latter case occurs only at very high intensities it be will 
excluded in the following considerations. The recombination rate R (cm-3s-1) is therefore given 
by product of the electron density n and the hole density p in the device,  
 
 𝑅 = 𝑘bulk𝑛𝑝  (11) 
 
Where 𝑘bulk is the bimolecular recombiantion rate coefficient (cm
3s-1). The electron and hole 
lifetimes are related to the recombination coefficient via  
 
 
𝜏e =
1
𝑘bulk𝑝
            and            𝜏h =
1
𝑘bulk𝑛
 
(12) 
 
i.e. the liftime decreases with increasing carrier concentration 𝑝 (or 𝑛). A simple conclusion is 
that charge extraction will be efficient if  
  
 𝑡tr <  min (𝜏e, 𝜏h) . (13) 
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To estimate 𝑘bulk, one needs to consider the mean free path of charge carriers in relation to the 
Coulomb capture radius. In most organic semiconductors with mobility <1 cm2V-1s-1, the 
charge carriers are scattered at almost every molecule site. The mean free path can, therefore, 
be approximated by the lattice constant. The Coulomb capture radius is defined as the distance 
at which the Coulombic attractive potential energy  
 
 
𝐸C =  
𝑒2
4𝜋𝜖r𝜖0𝑟
 , 
(14) 
 
equals the kinetic thermal energy of the carrier  
 
 𝐸𝑘𝑖𝑛,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑘B𝑇 . 
 
(15) 
The Coulomb capture radius (also known as Onsager radius [42]) is therefore  
 
 
𝑟c =  
𝑒2
4𝜋𝜖𝜖0𝑘B𝑇
 . 
(16) 
 
At room temperature and typical relative dielectric constant of ~4, the Coulomb radius is ~15 
nm, which is much larger than the scattering length. In this simple picture, charges are doomed 
to recombine as soon as they come within their Coulomb capture radius. The recombination 
coefficient of charges that feel their mutual Coulomb attraction can be described using 
Langevin’s theory from 1903 [43]. Langevin calculated the recombination rate coefficient of 
cations and anions in a gas from the time it takes the ions to drift towards each other within 
their Coulomb field under the assumption that the subsequent ion bond formation is 
instantaneous. Generally, the recombination rate coefficient is expressed by the product of 
charge carrier velocity and the recombination cross section 𝜎r 
 
  𝑘bulk = 𝑣𝜎r . 
 
(17) 
Under the assumption that the electric field of an opposite point charge extends to infinity, the 
drift velocity within the Coulomb field 𝐸C of the opposite charge is  
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  𝑣 = 𝜇𝐸C = 𝜇
𝑒
4𝜋𝜀r𝜀0𝑟2
 . 
 
(18) 
The recombination cross section of the moving carrier is 
 
  𝜎𝑟 = 4𝜋𝑟
2 . 
 
(19) 
The resulting Langevin recombination coefficient is consequently 
 
  
𝑘L =
𝑒(𝜇𝑒 + 𝜇ℎ)
𝜖𝑟𝜖0
 , 
(20) 
 
assuming that the opposite charge carrier also moves with a certain mobility. As carriers 
recombine with the speed they can possibly approach each other 𝑘L represents an upper limit 
of the recombination coefficient.  
 
It is noteworthy to mention that the same recombination coefficient applies to diffusing 
polarons outside the Coulomb radius, which can be shown using the Debye-Smoluchowski 
formalism [44, 45, 46, 47] for ions in solution in the limit of small ion encounter radii - where 
bond formation occurs. 
 
Langevin recombination has been observed in many organic solids [48, 49, 50, 51], although 
exceptions apply. Especially, many efficient organic semiconductors blends [52] exhibit “Non-
Langevin“ recombination dynamics, where the recombination rate is substantially lower than 
predicted by Langevin [49, 53, 54]. In these cases, the recombination rate coeffienct 𝑘bulk is 
surpressed relative to the Langevin rate coefficient 𝑘L. The surpression is specified by the 
reduction factor 
 
  
𝛾L =
𝑘L
𝑘bulk
 . 
(21) 
 
Non-Langvin materials posses the advantage that they can sustain higher carrier densities, 
above which bimolecular recombination occurs. A well-known example is regio-regular-
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Poly(3-hexylthiophene-2,5-diyl (rr-P3HT):PCBM, where the recombination coefficients can be 
as low as ~𝑘L/10
4 were observed [53].  
 
Although, several factors could potentially influence 𝑘bulk, such as the charge transport 
dimension [55], and weak the external electric field [56]; commonly there are two accepted 
mechanism, which lead to a recombination rate coefficient below Langevin’s coefficient: (i) 
encounter limited recombination as discussed in the following, and (ii) CTS re-dissociation 
controlled recombination, as discussed in Section II.9.5.   
 
II.5.1 Encounter Limited Recombination  
Langevin recombination can only apply to a single phase. Encounter limited (reduced) 
recombination applies to BHJs where charge carriers are confined to different phases and 
recombination only occurs at the donor: acceptor interface. In a BHJ, the carrier that reaches 
the interface first has to wait for the slower carrier in order for a recombination event to occur. 
Koster et al. [57] therefore proposed an amendment to the bimolecular recombination rate - the 
slower carrier limited recombination rate coefficient [58]. 
 
  𝑘slower =
𝑒 𝜇s
𝜖r𝜖0
 . (22) 
 
This rate can be, however, only correct in a bilayer, and only when the faster carrier reaches the 
interface first, as illustrated in Figure 8 .  
 
 
 
 
 
 
 
 
 
slower 
faster
er
ds 
df 
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Figure 8. Illustration showing the recombination of an electron and hole in a bilayer, where 
carriers are confined to different phases. In such a system, the faster carrier has to wait at the 
interface for the slower carrier in case imbalanced carrier mobilities.   
 
Even in a bilayer there are configurations where the faster carrier is much further away from 
the interface compared to the slower (𝑑f/𝑑s > 𝜇f/𝜇s). In these configurations the arrival of the 
faster carrier is the rate limiting step for the recombination rate.  
 
In a BHJ with multiple interconnected donor: acceptor phases in the nanometre regime, one 
needs to consider the domain size in relation to the Coulomb capture radius. Intuitively, one 
might expect that the recombination rate in a BHJ is somewhere in between the Blom-Koster 
slower carrier limited rate and the Langevin rate, which applies in the limit of infinitely small 
donor: acceptor phases. This was confirmed in 2008, by Groves and Greenham using Monte-
Carlo (MC) simulations. Very recently, Heiber et al. [59] have further shown that the origin of 
the strongly reduced recombination is not necessarily an inherent property of BHJs due to the 
spatial separation of electrons and holes within different phases. This new study shows that 
encounter-limited recombination can only result in relatively small reduction factors ~10 for 
typical domain sizes of BHJs (~5 – 50 nm) and reasonable faster to slower mobility ratios (~1-
1000). Therefore, it is most likely that the reason behind the often observed strong suppression 
of the Langevin rate coefficient in BHJ systems lies elsewhere, which will be explained in 
Section II.9.5. 
 
II.6 Charge Generation 
Charge generation in excitonic low dielectric organic materials is a heavily debated issue and 
the process by which charge carriers are formed is still not fundamentally understood. However, 
there are many suggested theories in the literature which aim to understand this mechanism. As 
described in Section II.2, charge generation is in this work defined as the combined process of 
multiple mechanisms occurring from the photoexcitation, to free charge carriers. This section 
will discuss the critical steps and Section II.9 recent developments in this area.  
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II.6.1 Excitons 
Following photon absorption, an electrically neutral quasiparticle called an exciton, is formed. 
Excitons are classified according to their radius, as defined by the average separation of the 
electron from its corresponding hole: (i) The Frenkel exciton located on a single molecular site 
with a radius comparable to the distance of separation of the molecules (lattice constant).  (ii) 
The Wannier-Mott exciton, with radius more than 1 order of magnitude larger than the 
intermolecular separation (lattice spacing). The Wannier-Mott exciton is mainly found in 
inorganic semiconductors, and the excitation in organic semiconductors is typically of the 
Frenkel-type with strong Coulomb binding between charges of opposite polarities. 
 
Conventionally it is thought that exciton dissociation occurs at the donor:acceptor interface, 
whereby either the electron or the hole transfers to a molecule across the interface, leaving a 
charge of the opposite polarity on the other side. As such the diffusion length of excitons can 
be important which is given by 
 
 
𝐿D = √𝐷/𝑘diff(EX) , 
(23) 
 
where 𝐷 is the Einstein diffusion coefficient and 𝑘diff(EX) the diffusion rate constant. The 
diffusion length is usually on the order of ~10 nm in conjugated polymers [19]. If the exciton 
does not reach an interface it will alternatively get trapped due interactions with lattice phonons 
and relaxes back to ground state. It is expected that exciton diffusion plays a significant role for 
charge generation in BHJs with interconnected mixed and neat phases in the nanometre regime. 
However, the often observed “ultrafast” (<100 fs) charge transfer suggests that at least a fraction 
of excitons are immediately dissociated. This results in a Coulombically bound geminate pair 
– the CTS; or directly in free charges [60]. 
 
II.6.2 Marcus-Hush Theory 
A well-established model to describe charge transfer processes was established by Marcus in 
1956 [61] and Hush [62] and has been developed ever since, resulting in the Nobel price for 
Marcus in chemistry in 1992 [63]. Marcus-Hush theory is an intuitive, (semi-)classical approach 
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to describe electron transfer reactions for a broad range of chemical and biological reactions 
[63]. In Marcus-Hush theory, the exciton dissociation rate depends on (i) the driving force for 
dissociation - the change in the Gibbs free energy Δ𝐺, and (ii) on the reorganization energy 𝜆 - 
the energy needed to transfer the equilibrium configuration of the excited donor:acceptor (D*A) 
state (reactant) into the equilibrium position of the final charge transferred state (D+A-) 
(product). Therefore, 𝜆 takes into account the polaronic nature of charge carriers to distort the 
surrounding molecules during charge transfer. Together, Δ𝐺 and 𝜆 define the Gibbs energy 
barrier for dissociation that defines the dissociation rate 𝑘d via Boltzmann statistics 
 
 𝑘d = 𝐴 𝑒𝑥𝑝
−Δ𝐺B/𝑘B𝑇 , (24) 
 
where 𝐴 is a prefactor that depends on the reaction type, solvent and exponentially on the 
distance between the molecules.  In order to estimate the energy barrier, the movement of the 
atomic nuclei involved in the charge transfer process is described by harmonic oscillations 
around the equilibrium positions of the initial and final state. The harmonic oscillators are 
represented by energy parabolas in the configuration space and are sketched in Figure 9 (a) for 
the initial (D*A) and final state (D+D-) as a function of a generalized reaction coordinate.   
 
 
Figure 9. (a) Energy parabolas of the excited donor:acceptor (D*A) state and the charge 
transferred state (D+A-). The energy barrier for dissociation (Δ𝐺𝐵) is given by the energy 
difference between the initial state and the energy at the intersection of the 2 parabola. Δ𝐺𝐵 
can be estimated from geometrical considerations considering the change in the Gibbs free 
energy for dissociation Δ𝐺 and the reorganization energy 𝜆. (b) Energy parabolas with 
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different energetic driving forces Δ𝐺 and identical 𝜆. The dissociation rate is a maximum if Δ𝐺 
equals 𝜆, but decreases for driving forces larger or lower than the reorganization energy.  
 
If one takes the coordinates (0,0) for the equilibrium position of the left parabola and (a,b) for 
the final state, as well as the functional dependence 𝑦 ~ 𝑥2 of both curves, one can calculate 
the activation energy for the charge transfer process from the intersection of the 2 parabolas 
and the charge transfer rate 
 
 Δ𝐺𝐵 = (Δ𝐺 + 𝜆)
2/4𝜆 , (25) 
 
 
𝑘d = 𝑎 𝑒𝑥𝑝
−𝛽𝑟𝑒𝑥𝑝
−
(Δ𝐺+𝜆)2
4𝜆𝑘B𝑇  . 
(26) 
 
Equation 26 displays a quadratic (Gaussian) dependence of 𝑘d on Δ𝐺. The theory predicts a 
peak of the dissociation rate at Δ𝐺~𝜆 , but also a reduction in the transfer rate for too large 
driving forces Δ𝐺 > 𝜆 (Markus-Hush inverted region), as illustrated in Figure 9 (b). 
 
The applicability of Marcus-Hush theory to describe photoinduced charge transfer processes in 
OSCs has been demonstrated by Coffey et al. [64]. In this work, BHJs with very imbalanced 
donor:acceptor concentrations were studied, where the dilute phase was directly excited in order 
to overcome limitations imposed by the limited exciton diffusion length. However, Marcus-
Hush theory does not consider the exciton binding energy, as well as quantum mechanical 
effects such as charge carrier delocalization and coherent electron transfer [60]. Instead, the 
theory rather underlines the importance of the reorganization energy as an additional energy 
barrier for dissociation.  It is also likely that other processes than the actual charge transfer step 
limit the overall charge generation yield, such as exciton diffusion or the CTS dissociation, 
which will be detailed in the next section.   
 
II.6.3 Charge-Transfer States 
It is clear from basic calculations (Equation 14) that the Coulomb binding energy between the 
electron and hole residing on adjacent molecules, with typical separation of ~1.5 nm [65] 
greatly exceeds the thermal kinetic energy (320 meV vs. 26 meV, respectively). This renders 
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the mechanism by which the CTS separates, and how this occurs hotly contested, and quite 
possibly different in different OSC systems. Recent findings in this context will be discussed 
in Section II.9, after introducing a model to describe the dynamics and yield of CTS 
dissociation, and experimental techniques.   
 
II.6.4 Onsager-Braun Theory 
Braun’s model [66], based on Onsager’s theory of ionic dissociation [42], is a standard model 
to describe charge transfer separation in donor:acceptor solids. The model is based on the 
kinetic competition between the dissociation (𝑘d) and recombination (𝑘f) rate constants of the 
CTS, but does not consider charge extraction. The dissociation yield of a CTS is given by the 
branching ratio 
 
 
𝜂CT =
𝑘d(𝐸)
𝑘d(𝐸) + 𝑘𝑓
 , 
(27) 
 
where the dissociation rate depends on the electric field 𝐸. The recombination from the charge-
separated (CS) state back to the CT-state with rate constant 𝑘r is assumed to be described by 
Langevin theory [43, 51] (see Section II.5). Note, 𝑘r and 𝑘L from Equation 20 are identical, 
except that 𝑘r refers to a geminate recombination rate coefficient in contrast to the bimolecular 
recombination coefficient 𝑘L. A key assumption of the Braun model is that dissociation and 
recombination are related by detailed balance, which implies that the CT and CS state 
populations (𝑛CT and 𝑛CS, respectively) come into equilibrium after a photoexcitation. In 
equilibrium, the rate 𝑅CT−CS from CT to CS is equal to the rate 𝑅CS−CT from CS to CT 
 
 𝑅CT−CS  = 𝑅CS−CT → 𝑘d𝑛CT =  𝑘r𝑛CS . (28) 
 
This means the ratio 𝑘d/𝑘r defines the ratio 𝑛CS/𝑛CT, which is not dependent on the kinetic 
parameters. In this case, 𝑘d/𝑘r equals the equilibrium constant for charge separation 𝐾. 
Therefore, Braun concluded that 𝑘d must also be proportional to 𝜇e + 𝜇h. Whether the 
condition of an equilibium between CT and CS (considering only geminate dissociation and 
recombination) is justified, is non-trivial, although it was recently proposed that an equilibrium 
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occurs in the case of a moderately reduced Langevin recombination coefficient 𝛾L~ > 10 [31]. 
Regardless if the equilibrium (or detailed balance) condition holds, if the charge carriers can 
move away from the interface as quickly as they can return, 𝑘d and 𝑘r depend, in the same way, 
on the kinetic parameters.  
 
Braun also investigated the interaction of the CTS dipole with the local electric field and 
calculated that the equilibrium constant is proportional to the field  
 
 
𝑘d = 𝑘r𝐾 =
𝑒(𝜇f + 𝜇s)
𝜖r𝜖0
(
3
4𝜋𝑟3
𝑒𝑥𝑝
−
Δ𝐸C
𝑘B𝑇) ∗ (1 + 𝑏 +
𝑏2
3
+
𝑏3
18
+ ⋯ ) , 
(29) 
 
where Δ𝐸C is the Coulomb binding energy as given by Equation 14 and 𝑏 is proportional to 
the electric field  𝑏 = 𝑒3𝐸 8𝜋𝜖r𝜖0𝑘B
2𝑇2⁄ ~ 𝐸.  
 
A problem of the Braun model, is the use of the Langevin recombination rate which can differ 
in BHJs with varying domain sizes (as discussed Section II.5.1). Moreover, spectroscopic 
measurements often show that the dissociation (and recombination) happens on very short 
timescales (carriers may be formed within fs-to-ns [60, 67]). Therefore, for Braun’s model to 
be accurate, initial (or “local”) mobilities significantly larger than the measured bulk mobilities 
need to be assumed. For example, initial mobilities 1 ps after generation, close to ~ 0.1 cm2 V-
1 s-1 were found in P3HT:PC70BM blends using Electric Field-Induced Second Harmonic 
measurements [68]. Similarly, the mobilities on a nm length scale obtained from Transient 
Microwave Conductivity measurements is typically 1, 2 orders of magnitude higher than the 
bulk mobility [69]. Possible reasons are that charges have to cross less or no domain boundaries 
in the nm regime, or charge delocalization over the polymer chain or several molecules.  
 
II.7 Standard Techniques to Study Charge Transport and 
Recombination   
The following 2 sections exemplify common experimental methodologies to measure the 
charge transport, recombination and charge generation (Section II.8) in organic semiconductor 
photovoltaic diodes, which were used in the work described in this thesis. Among the myriad 
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of methodologies to study the charge transport in organic semiconductors, the most intuitive 
approach is to measure the transit time of carriers from one electrode to the other side (Equation 
10). Due to the often large mobility distribution and associated uncertainty of the average 
mobility value, at least 2 different techniques should be applied to more reliably specify the 
mobility. It is interesting to note that charge carrier mobilities measured using OFETs are often 
orders of magnitude larger compared to values obtained in diode configuration (which will be 
discussed in more detail in Section II.9.6).  
  
II.7.1 Space Charge Limited Current  
In diodes, carrier mobilities are most often obtained from the dark current density-voltage 
characteristic according to the widely used space charge limited current (SCLC) model [71, 72, 
73]. According to the Mott-Gurney law, the photocurrent reaches the SCLC value at high 
enough effective voltages 𝑈 [74, 75].  
 
 
𝐽SCL =
9
8
𝜇𝜖𝑟𝜖0𝑈
2/𝑑3 . 
(30) 
 
Apart from the factor 9/8, Equation 30 basically predicts that the injection current is limited to 
the injection of the electrode charge CU per transit time (where C is the device capacitance). 
For BHJ OSCs, were both electrons and holes are injected from the electrodes, the SCLC is 
predicted to be proportional to the sum of the pure electron and hole SCLCs in the case of 
Langevin recombination [52, 75]. However, for operational OSCs this dependence is 
experimentally often not observed, possibly due to the presence of non-Langevin 
recombination, substantial charge carrier trapping, or large contact/series resistances cases [54]. 
In order to simplify the analysis, the methodology is usually applied to unipolar donor- (or 
acceptor-) only diodes, as well as unipolar BHJs where the injection of one carrier type is 
blocked (hole- or electron-only devices) [71, 73, 76].  
 
For SCLC measurements on unipolar BHJ diodes, symmetric electrodes should be chosen to 
minimize complications due to a built-in voltage. After measurement of the dark 𝐽𝑉-curve, the 
functional dependence between the current density and the voltage needs to be analysed:  
I: 𝐽 goes as 𝑈2, then Equation 30 can be applied.  
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II: 𝐽~ 𝑈<2 then contact or series resistance are limiting the injection.  
III:  𝐽 ~ 𝑈>2 indicates trapped carriers that are de-trapped as the voltage and electric field 
increases [76]. This increases the effective carrier mobility according to the Poole-Frenkel 
effect [77]. A simple approach to deal with significant carrier trapping is to fit the 𝐽𝑉-curve 
with the Poole-Frenkel modification of the Mott-Gurney law [76].  
 
 
𝐽SCL(PF) ~ 
9
8
𝜇0𝜖r𝜖0
𝑈2
𝑑3
exp (0.89 𝛾PF √
𝑈
𝑑
) ,  
 
(31) 
 
where 𝛾PF describes the electric-field dependence of the zero-field mobility 𝜇0. A typical dark 
𝐽𝑉-curve, fitted to the Poole-Frenkel modification of the SCLC law is shown in Figure 10. 
 
 
Figure 10. The Space Charge Limited Current (SCLC) of a typical BHJ with electrodes chosen 
to inject only holes. The SCLC is fitted to the Pole-Frenkel modification of the Mott-Gurney 
law to describe the electric field dependence of trapped charges and the with field increasing 
effective mobility (specified in cm2 V-1 s-1). 
 
II.7.2 Time of Flight 
In this transient experiment, a square voltage pulse is applied in reverse bias to extract the 
charge carriers [78, 79]. A short laser pulse in the middle of the square pulse generates the 
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charge carriers. Conventionally, Time of Flight (ToF) is typically applied to several μm thick 
organic semiconductor films to ensure surface photo-generation at the transparent (indium tin 
oxide, ITO) electrode. After generation a “sheet” of carriers travels through the device and a 
drop in the photocurrent transient indicates the arrival of the carriers, which allows one to 
estimate the transit time (Equation 10). Strongly dispersive transport, where the mobility is 
subject to a distribution (which is more pronounced in thick films), smears out the carrier arrival 
kink and complicates its identification. Moreover, the morphology and the mobility dependence 
on the film thickness [80, 81, 82] limits the usability of ToF [83].  
 
II.7.3 Charge Extraction using Linearly Increasing Voltage  
In this transient experiment, a triangular voltage pulse is applied in reverse bias to extract the 
charge carriers [70, 83]. A short laser pulse is used in Photogenerated Charge Extraction using 
Linearly Increasing Voltage (photo-CELIV) at the beginning of the voltage pulse to generate 
the carriers. As the extracting voltage increases the carriers are accelerated while moving 
towards the opposite electrode. A peak in the photocurrent transient signal marks the extraction 
maximum at tmax, which is proportional to the faster carrier transit time, allowing one to evaluate 
the faster carrier mobility. Also, the reduction factor 𝛾L of the Langevin rate coefficient can be 
conveniently measured from the ratio of the maximum extraction current and the dark 
displacement current step [83, 84].  
 
Problems of the technique are that the extraction maximum can be obscured or confused with 
the premature extraction of charge carriers by the 𝑈BI, especially in thin and/or high mobility 
devices. A voltage offset can be applied to cancel the 𝑈BI, however, the pre-extraction of charge 
can often not be prevented. This often hinders the estimation of the faster carrier mobility as 
well as 𝛾L. Photo-CELIV also suffers from the technical difficulty of generating short triangle-
shaped voltage pulses shorter than 1 μs. This limits the time-resolution of the experimental 
setup and renders the technique inapplicable for measuring charge carrier mobility and 
recombination in typical thin (~ 100 nm) polymer:fullerene blends with > ~10-4 cm2V-1s-1. 
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II.8 Standard Techniques to Study Charge Generation 
Photoinduced charge transfer happens on very short timescales of the order of femtoseconds to 
nanoseconds, therefore, a direct measurement of charge transport phenomena is experimentally 
very challenging. Similar to charge transport measurements, there are steady state and transient 
methods. While steady state measurements may allow quantification of the overall efficiency 
of a studied process, transit experiments further enable one to study the dynamics of the process. 
The combination of pulsed laser and high-performance multichannel detection devices allows 
the effective formation and detection of transient species. Complimentary techniques such as: 
(i) emission spectroscopy, (ii) absorption spectroscopy, and (iii) microwave conductivity are 
often used to generate a photophysical profile of charge generation. These techniques have also 
a wide range of time-resolutions, from femtosecond to millisecond and offer flexible and 
tunable light source. In the following, these 3 standard techniques are introduced.  
 
II.8.1 Photo- and Electroluminescence  
Photoluminescence (PL) (or fluorescence spectroscopy) is a powerful spectroscopic tool to 
measure the radiative recombination event from excited states, upon a laser excitation in 
transient or steady state mode. The contribution of the CTS to the PL spectrum is usually weaker 
because the recombination is dominated by non-radiative transitions. A standard application of 
PL is the analysis of the exciton emission intensity of a donor:acceptor blend compared to that 
of the neat films of either component. Usually, it is found that the steady-state PL of organic 
semiconductor blends is very efficiently quenched (~99%) compared to the PL spectrum of the 
neat materials, as illustrated in Figure 11 (a) for the PCDTBT:PC60BM model system. Such 
results confirm efficient exciton dissociation in many BHJs [60]. In blends, the 
photoluminescence is also found to be redshifted due to the significant contribution from 
interfacial CTS [60], as illustrated for different PCDTBT:PCBM blends in Figure 11 (b). 
However, it is difficult to disentangle the contribution from the CTS from singlet emission 
alone. 
 
In contrast, Electroluminescence (EL) allows the presence of the CTS to be directly probed as 
well as its energy via charge carrier injection in forward bias. The principle behind this is based 
on the bimolecular recombination of the injected charge carriers which occurs necessarily via 
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the CTS (as explained in the Braun model Section II.6.4). It is also expected that the first state 
that allows for recombination is the lowest energetic state, i.e. the (relaxed) CTS. Figure 11 (c) 
illustrate the EL spectra of Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] 
(MDMO-PPV) blended with PC60BM 1:4 by weight, and the constituent neat materials. The 
strongly redshifted PL spectrum is direct evidence for radiative CTS recombination that occurs 
only in the blend. The position of the peak allows one to further calculate the energy of the 
relaxed CTS. EL signals can be further analysed at varying bias voltages to study the electric 
field dependence of geminate recombination; and other groups have applied EL to study surface 
minority recombination [32, 33]. 
 
 
Figure 11. (a) The photoluminescence (PL) spectrum of the PCDTBT:PCBM (1:4) blend is 
significantly quenched compared the emission spectrum of the neat PCDTBT. (b) Normalized 
PL spectra of different PCDTBT:PCBM blends demonstrating the redshift due to the 
contributions from the CTS in efficient blends. (c) The electroluminescence (EL) spectrum of 
MDMO:PPV (1:4) blend is not a superposition of the EL of the neat material, which shows that 
the bimolecular recombination in the blends proceeds via the (radiative) charge transfer state. 
(a) Reprinted with permission from ([85]). Copyright (2016) American Chemical Society. (b) 
Reproduced from [86] with permission of The Royal Society of Chemistry. (c) Adapted with 
permission from [87]. Copyright (2016) American Chemical Society. 
 
II.8.2 Transient Absorption Spectroscopy 
One of the most common and powerful techniques used to for charge generation studies in 
organic semiconductors is transient absorption spectroscopy (TAS). TAS is an all-optical 
pump-probe technique used to probe excited state dynamics within films or multi-layer devices 
by the measurement of changes in the absorption of the sample. In a typical transient absorption 
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experiment, two laser pulses (typically around 150 fs) are incident on a sample in which they 
spatially overlap. The intense laser pulse excites the sample and the induced optical changes 
are monitored as a function of time by the absorption measurement of the weaker, broadband 
probe pulse, as sketched in Figure 12 (a). Spectral changes in absorption of the sample due to 
different excited species such as singlet excitons, triplet excitons, bound and free charges are 
detected with a spectrometer. A two-dimensional recording of transient absorption as a function 
of wavelength and time is thus obtained.  Varying the delay time between pump and probe 
allows for the study of the dynamics and lifetime of these species. A TAS absorption spectrum, 
as shown in Figure 12 (b) consists typically of 3 distinctive features: ground state bleaching, 
stimulated emission, and photon induced absorption. 
 
 
Figure 12. (a) Schematic experimental setup of transient absorption spectroscopy highlighting 
the pump-probe procedure: The pump beam excites the system and the probe beam allows one 
to specify the excited species and their dynamics. (b) Example of a transient absorption spectra 
measured on an organic semiconductor blend. The change in the optical absorption ΔOD is 
plotted as a function of wavelength at a delay time of 10 ps after excitation at 600 nm. The 
ground state bleaching and stimulated emission overlap and cause a decrease in the sample 
absorption, while photoinduced absorption increases the sample absorption in the near 
infrared regime. 
 
Ground state bleaching happens if the ground state becomes depleted. After a fraction of the 
molecules has been promoted to the excited state with the aid of pump pulse, probing in this 
wavelength regime causes a decrease in the sample absorption. Stimulated emission is typically 
observed in the emissive region of the spectrum (i.e., it is Stokes shifted with respect to the 
ground-state bleach) where charges recombine radiatively to the ground state. Upon population 
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of the excited state, stimulated emission to the ground state will occur when the probe pulse 
passes through the excited volume. Since stimulated emission is a radiative recombination, it 
results in an increase of light intensity on the detector, corresponding to a negative signal. The 
third feature, the photoinduced absorption is most critical for the scope of this work since it is 
caused by excitons, bound or free charge populations. Upon excitation with the pump beam, 
optically allowed transitions from the excited states exist in certain wavelength regions, and 
absorption of the probe pulse at these wavelengths will occur. Consequently, a positive signal 
in the spectrum is observed in the wavelength region of excited-state absorption. Therefore, a 
TAS measurement in this regime allows to quantify the populations of these species and to 
study their decay dynamics. To identify whether the excited species are excitons or dissociated 
charges, the decay dynamics of blends can be compared to that of the neat material. Neat 
materials exhibit a characteristic exciton feature that decrease exponentially with time due to a 
first order recombination kinetics. The excitons are also present in blends, however, in efficient 
systems, they are typically rapidly quenched and transferred to bound or free carriers. Probing 
at very short timescales allows the visualisation of the transition from excitons to the CTS.  
 
II.8.3 Transient Microwave Conductivity 
Transient Microwave Conductivity (TRMC) is also a pump-probe experiment, where the pump 
is an optical excitation and the probe a microwave radiation with GHz frequency. Analogous 
to TAS, the photoexcitation creates free polarons that absorb the power of the subsequent 
microwave pulse. The change in the absorption of the microwave power Δ𝑃 is monitored at 
certain delay times and is related to the photoconductivity via  
 
 Δ𝑃
𝑃
= 𝑐 Δ𝜎  , 
(32) 
 
where 𝑐 is a cavity and device geometry dependent perfector. The photoconductivity is given - 
similar to Equation 1 - by 
 
 𝜎 = 𝑒𝑛 ∑( 𝜇h +  𝜇e) . 
(33) 
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where the carrier density 𝑛 is proportional to the generation yield 𝜂GEN in the absence of carrier 
recombination. Therefore, the change in the microwave power as measured in TRMC is 
proportional to the yield-mobility-sum product 
 
 Δ𝑃
𝑃
~ 𝜂GEN ∑𝜇  
(34) 
 
in the absence of non-geminate recombination. The dependence on the mobility is explained by 
the mobility (velocity) dependent recombination coefficient of (bound or free) charge carriers 
interacting with the microwave (Equation 17).  
 
II.9 Hot Topics 
This section presents several examples of currently heavily debated topics in the field of organic 
solar cells and photodetectors. The presented topics revolve about the mechanism and 
understanding of charge generation as well as strategies to improve the photovoltaic 
performance. This section also establishes a more advanced theoretical framework on which 
the experimental results in Chapter V are based.   
 
II.9.1 Dissociation via Relaxed or Hot Charge-Transfer States 
One of the most interesting but also disputed questions is whether the excess energy (> blend 
optical gap) effectively contributes to the dissociation or charges, or if the excess energy is lost 
in a thermalization process prior to dissociation. Several experimental studies indicate either 
the first or the second possibility.  
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Figure 13. (a) Charge generation yield versus energy offset (𝛥𝐸CS
A ) for different classes of 
polymers blended with fullerenes. (black triangles) diketopyrrolopyrrole (DPP) based 
copolymers blended with PC70BM 1:2 by weight; (red triangles) thiazolothiazole-based 
polymers blended with PCBM and PCBM derivates; (blue squares) polythiophene-based 
polymers (such as P3HT) blended with PCBM 1:1 by weight. (b) Illustration of the dissociation 
pathway via hot CTS because the energy difference (𝛥𝐸CS
A ) between the singlet polymer (SA, SB) 
exciton and the charge separated state (𝐸CS
A ) defines the charge generation yield. A 
donor:acceptor combination where the dissociation proceeds via the red path is expected to be 
more efficient compared to a donor:acceptor combination where dissociation proceeds via the 
green path. Adapted with permission from [88]. Copyright (2016) American Chemical Society.  
 
For example Durrant et al. [88] tested over 300 different BHJ systems and observed a strong 
correlation between the donor:acceptor energy levels and the generation efficiency, a strong 
indication for a pathway facilitated by excess energy. The main results of ref. [88] are presented 
in Figure 13 (a). The figure shows that the charge generation yield depends on the “energetic 
driving force” (Δ𝐸CS
A = 𝑆1 − 𝐸CS
A ), where 𝑆1 is the lowest lying singlet polymer exciton and 
(𝐸CS
A ) the energy of the charge separated state. The latter is given by the blend optical gap 
(Equation 4). Therefore, Δ𝐸CS
A  equates to the offset of the donor/acceptor EAs (δEA) less the 
exciton binding energy, i.e. Δ𝐸𝐶𝑆
𝐴 = δEA − 𝐸b
EX. Figure 13 (b) underlines that charge generation 
proceeds via the hot CTS pathway, because a larger energetic offset is more efficient for charge 
generation (red arrows) compared to a low energetic offset (green arrows).  
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It appears that the conclusions of Durrant et al. (and many others [64]) disagree with several 
studies of Vandewal et al. [89], who demonstrated for a series of BHJs that the relaxed (lowest 
lying) CTS dissociates as efficiently as a CTS originating from a higher photon energy 
excitation. Vandewal et al. measured the spectral dependence of the IQE. Figure 14 (a) presents 
the EQE, IQE, device absorption spectra as well as the CTS emission (EL) spectra 𝑁(𝐸) of 
MEH-PPV:PC61BM devices - all as a function of the photon energy. The absorption spectrum 
was determined by electroluminescence and photothermal deflection spectroscopy (PDS), 
which measures the change in refractive index due to heating of the surrounding medium upon 
the light absorption.  The peak of the CTS emission spectrum corresponds to the relaxed CTS 
(CT1 as marked), because the radiative decay from the CTS manifold is dominated by the CT1 
to ground state transitions. The graph demonstrates that the relaxed CTS dissociates as 
efficiently as higher-energy excitations, which was also confirmed for many other BHJ OSCs. 
The results indicates a thermal relaxation rate that is much faster compared to the CTS 
dissociation rate. Figure 14 (b) illustrates the proposed model of charge generation via the 
lowest lying CTS [90]. The results of Vandewal et al. could indicate that the (lowest-lying) CTS 
dissociates thermally or assisted by the internal electric field.  
 
Overall, the results of these two research groups highlight that more research is required to 
understand the role of the energy levels and charge thermalization on the charge generation 
yield.   
 
 
Figure 14. (a) External/Internal Quantum Efficiencies (EQE/IQE), as well as light absorption 
𝐴(𝐸) and charge-transfer state (CTS) emission spectra 𝑁(𝐸) for MEH-PPV:PC61BM devices. 
𝑁(𝐸) was determined from electroluminescence measurements.  The light absorption spectrum 
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was obtained from photo thermal deflection and electroluminescence. The IQE of the lowest 
lying CTS is identical to the IQE from higher energy excitations. (b) Proposed model of charge 
generation via the lowest lying CTS (route 1) rather than via a hot CTS (route 2) because 
thermal relaxation is substantially faster than the CTS dissociation. (a) Reprinted by permission 
from Macmillan Publishers Ltd: Nature Materials [89], copyright (2016). (b) Data reproduced 
with permission from John Wiley and Sons [90], copyright (2016). 
 
II.9.2 Electric Field Dependence of Charge Dissociation 
Whether or not the dissociation of the CTS is dependent on the external/internal electric field 
is another controversial topic and of particular importance to understand the fill factor of 
organic solar cells. As described in the previous section, the Onsager-Braun model postulates 
the electric-field (E) dependence of the CTS dissociation yield due to dependence of the 
equilibrium constant K on E (Equation 29). For BHJ OSCs, there are, however, several points 
that render the field dependence of the dissociation rate constant non-trivial:  
(i) The donor-acceptor interfaces may be randomly orientated with respect to the direction of E 
[60]. This would suggest that the initial separation of the interfacial bound-state is independent 
of E since some CTS will be pushed towards the interface and others away from it.  
(ii) Comparing the field between charges that form the CTS (e.g. ~ 1.5x106 V/cm assuming an 
initial separation of 1.5 nm [65]) with the external electric field (e.g. ~ 7x104 V/cm, assuming 
0.7 V built-in voltage and an active layer thickness of 100 nm) may suggest a negligible impact 
of E on the dissociation efficiency.  
(iii) Morphological and energetic aspects or charge delocalization effects may outweigh the 
impact of the external electric field.  
 
Many experimental studies, e.g. time-delayed-collection field (TDCF) experiments [91, 92, 93] 
or ultrafast spectroscopic measurements [60, 94] suggest an electric-field-independent CTS 
dissociation in relatively efficient blends. This thesis presents in Chapter V a study of the 
electric field dependence of the CTS dissociation. 
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II.9.3 Charge Delocalization 
An emerging theory to explain the efficient charge separation in organic solar cells is based on 
the delocalization of the CTS [60, 95, 96, 97]. For example, Gélinas et al. [60] showed that 
efficient dissociation is achieved via “ultrafast” (~ 40 fs) long range (~4–5 nm) charge 
separation of delocalized π-electron states in ordered fullerene aggregates. Gelinas et al. tracked 
the electric field 𝐸 that is generated as the charges separate using electro-absorption 
measurements. The electric field during separation changes the energy levels of neighbouring 
molecules, which leads to a change in their electronic transitions and optical absorptions. The 
electro-absorption signal can be measured with a fs time resolution using transient absorption 
spectroscopy. The electro-absorption amplitude (𝐸A) is defined as the energy that is stored in 
the electric field  
 
 𝐸A ~ ∫ |𝐸(𝑡)
2|𝑑𝑉  (35) 
 
which is as a function of time 𝑡. The 𝐸A equals the Coulombic attractive potential energy from 
Equation 14, which allows one to measure the electron-hole separation (independent on the 
dipole orientation). 
 
A main result of this work is the measurement of the temporal evolution of the singlet exciton 
and hole absorption signals, as well as the 𝐸𝐴 for different PCDTBT:PC60BM blend ratios, 
which are reproduced in Figure 15 (a). Neat PCDTBT exhibits only the polymer’s singlet 
exciton, which decays with time. The relatively inefficient 4:1 PCDTBT:PC60BM blend shows 
only the quenching of the singlet exciton and a signal of the photoinduced absorption of the 
polymer’s cation (hole). The efficient 1:4 PCDTBT:PC60BM blend with high fullerene loading 
shows a similar feature as the 4:1 blend in terms of singlet exciton quenching and photoinduced 
absorption of the hole. However, in contrast to the 4:1 blend, the 1:4 blend shows an EA signal 
at timescales as early as 30 fs after excitation. The appearance of the EA signal implies the 
build-up of an electric field as the electron and hole separate. The absence of the EA in the 4:1 
blend but presence of the hole absorption signal suggests the presence of a bound CTS that does 
not separate.  
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Figure 15 (b) presents the main conclusions that separation is  achieved either via: (i) a single 
incoherent transition from localized donor states to delocalized acceptor eigenstates as 
described by Fermi’s golden rule (as shown by the yellow curves for different coupling and 
disorder energies); (ii) or, via a phase-coherent superposition of acceptor eigenstates that 
propagates across the Coulomb quantum well (as shown by the red curves for different coupling 
and disorder energies). In this case, the charge separates 3-5 nm within ~300 fs. According to 
Gélinas et al., both mechanism can explain the observed separation on early timescales in 
contrast to fully localized electron transitions in the framework of Marcus-Hush theory. 
However, a study of the generation yield in devices with varying composition ratios, as shown 
in Chapter V of this thesis, suggests that electron delocalization is not enough for efficient 
CTS dissociation. 
 
Figure 15. (a) Transient absorption signals in PCDTBT:PCBM blends with varying blend ratio 
composition. The neat polymer shows the transient absorption of the singlet. The optimal 1:4 
blend shows a significant electro absorption signal (𝐸A), which is absent in the inefficient 4:1 
blend, which exhibits only a hole signal. The presence of the electro-absorption signal implies 
electron-hole separation on the measured time scales. (b) Schematic conclusion that charge 
separation proceeds either via (i) tunnelling from localized donor states to delocalized acceptor 
states according to Fermi’s golden rule (yellow lines) or (ii) via the propagation of a phase-
coherent wave packet (red lines). Electron tunnelling into localized states according to Marcus-
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Hush theory cannot explain the results (blue curve). From [60]. Reprinted with permission from 
AAAS. 
 
II.9.4 Entropy 
Recent studies suggest that entropy can contribute to charge dissociation due to a vast expansion 
of the number of available states as the carriers diffuse away from the interface [68, 98, 99, 
100]. The entropy is a part of the Gibbs free energy (𝐺) that defines the free energy barrier 
(Δ𝐺B) and the dissociation rate constant via the Arrhenius equation. 
 
 
𝑘d~ exp (−
Δ𝐺B 
𝑘B𝑇
)  , 
(36) 
 
 𝐺(𝑟) = 𝐻(𝑟) − 𝑇Δ𝑆 = 𝐸(𝑟) − 𝑘B𝑇 ln(Ω(𝑟))  , (37) 
 
Where 𝐻(𝑟) is the enthalpy or the Coulomb binding energy, and Ω(𝑟) the number of possible 
electron-hole configurations gained during charge separation. Equation 37 shows that the 
separation 𝑟 reduces the Coulomb barrier because the number of electron-hole configurations 
Ω(𝑟) increases with increasing separation distance. To understand the impact of entropy on 
charge separation one needs to understand the functional form of Ω(𝑟). The effect of entropy 
was first investigated by Clarke et al. [100] who showed that the magnitude of the entropy term 
is comparable to the Coulomb binding energy. Subsequently, Gregg [98] investigated the 
impact of the molecule dimension on the entropy. According to Gregg, fullerenes are 3 
dimensional molecules since they can conduct equally well in all dimensions, while P3HT was 
used as an example of a 2D object as it conducts along the 𝜋 − 𝜋 stacking direction as well as 
along the 𝜋 conjugated backbone. For a 3D object, Gregg assumed that Ω(𝑟) should scale with 
the surface area and not with the volume because for a given electron-hole separation 𝑟, the 
electron can occupy sites on a spherical surface centred around the hole, which gives  
 
 
Ω(𝑟) = 4𝜋 (
𝑟
𝑎
)
2
, 
(38) 
 
42 
 
 
where 𝑎 is the lattice constant. However, Gregg modelled the entropy gain in a neat material, 
as opposed to a CTS at the interface. The main results of Gregg are reproduced in Figure 16, 
which shows the free-energy barrier as a function of the electron-hole separation in a single 
phase composed of molecules with different dimensions. Zinc octakis (B—octyloxyethyl) 
porphyrin (ZnOOEP) conducts only along the 𝜋-stacking direction, while P3HT and PCBM 
exhibit higher dimensional charge transport. The conclusions of this work are that the entropy 
is a key attribute for efficient charge separation and that higher-dimensional semiconductors 
provide inherent advantages for charge separation. The latter argument might explain why 
fullerenes - the only known true 3D organic semiconductors - play such an important role for 
BHJ OSCs. 
 
 
Figure 16. The Gibbs free energy barrier 𝐺 as a function of the separation distance (𝑟) in single 
phase films composed of molecules with different dimensions for charge carrier conduction. 
Higher dimensional materials that conduct electricity in all 3 dimensions are beneficial for 
charge separation as the number of electron-hole configurations increases with the square of 
𝑟. Adapted with permission from [98]. Copyright (2016) American Chemical Society. 
 
Overall, the entropic contribution to charge separation may give rise to efficient dissociation of 
the relaxed CTS [89]. Nevertheless, a quantitative model to describe Ω(𝑟) for BHJs with 
disordered interfaces, varying domain sizes and composition ratios remains elusive. Moreover, 
direct experimental evidence of the entropy gain during separation is challenging, although first 
attempts were undertaken [99]. The effect of the entropy in devices with varying blend ratio 
compositions is further discussed in Chapter V.  
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II.9.5 Non–Encounter Limited Recombination  
The Langevin model describes a recombination process where carriers immediately recombine 
once they find each other and form a CTS. The recombination rate in this picture is entirely 
controlled by the meeting probability of free carriers, and the finite re-dissociation probability 
of the CTS is not considered. As explained in Section II.5.1, an increasing body of work 
suggests that the strongly reduced recombination in many BHJs is related to the re-emission 
probably of the CTS. To calculate the expected Langevin reduction factor (𝛾L) from 
macroscopic recombination measurements by considering the finite CT lifetime, the simple 
kinetic scheme from Braun’s model can be used, which is shown in Figure 17.  
 
 
Figure 17. The kinetic scheme of the Braun model shows that charge recombination is a 2 step 
process given by the encounter rate 𝑘𝑚 of free charges times the recombination probability of 
the charge-transfer state 𝑘f/(𝑘f + 𝑘d).   
 
The overall bulk recombination coefficient 𝑘bulk is a 2 step process and given by the free carrier 
encounter rate coefficient 𝑘m forming the CTS times the CTS recombination probability [31]. 
The latter is given by the branching ratio 𝑘f/(𝑘f + 𝑘d). Therefore, we can write for the bulk 
recombination coefficient 
 
 
𝑘bulk =
𝑘L
𝛾L
=
𝑘f
𝑘d + 𝑘f
𝑘m =
𝑘f
𝑘d + 𝑘f
𝑘L
𝛾enc
=
𝑘L
𝛾CT𝛾enc
 , 
(39) 
 
where 𝛾CT and 𝛾enc are the reduction factors associated with the encounter limited 
recombination rate coefficient and the CTS recombination probability. The results presented in 
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Chapter V, show the implications of a high CTS re-dissociation probability (and 𝛾CT) on the 
overall photovoltaic performance.  
II.9.6 Strategies for Improvements 
Besides the sub-optimal energy levels of today’s active layer components, the relatively low 
efficiencies can be traced back to 3 parameters, which are: (i) the dielectric constant 𝜖r; (ii) the 
charge carrier mobilities (𝜇); and (iii) the CTS recombination rate coefficient 𝑘f. Importantly, 
each parameter (𝜖𝑟 , 𝜇 and 𝑘f) can simultaneously increase both 𝜂COLL and 𝜂GEN, and in turn all 
key photovoltaic parameters (𝐽SC, FF, 𝑉OC). Ultimately, tuning the 3 parameters (𝜇, 𝜖r, 𝑘f) could 
fully bridge the gap between present organic and inorganic solar cell materials. Recent 
strategies are summarised below. 
 
Dielectric constant: A moderate increase of 𝜖r (2-3 times) allows for the reduction of the 
detrimental but necessary energy level offset 𝛿EA (as discussed in Section II.3.2) via lowering 
the binding and reorganization energies. Ab initio calculations show that the exciton binding 
energy depends on the dielectric constant [22, 101] via 
 
 𝐸b
EX~ 𝑐/𝜖r
2 , (40) 
 
where 𝑐 is a constant. Koster et al. expected [22] that 𝐸b
EX decreases to a value below the thermal 
energy for high dielectric materials with 𝜖r > 9. Also, the reorganization energy (usually on 
the order of several hundred meV for currently used organic semiconductors) is expected to be 
significantly lower in high dielectric materials [22]. Overall, the detrimental energy level offset 
may be completely omitted - and in fact the BHJ concept - by using high dielectric materials. 
Although efforts to create purely organic semiconductors with high 𝜖r approaching that of 
inorganic semiconductors are still in their infancy, recent results demonstrate that a static 
dielectric constant of ~10 can be achieved by replacing the alkyl side chains by short ethylene 
glycol chains [102].  
 
Carrier Mobility: A high mobility increases the charge collection 𝜂COLL (Section II.5), but 
also the CTS dissociation rate constant 𝑘d (Equation 29). A high mobility also allows 𝛿EA to 
be reduced because carriers can escape the Coulomb barrier more easily if the mobilities 
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approach those of inorganic semiconductors. It is interesting to note that the mobilities of 
organic semiconductors in OFET structures are already comparable to polycrystalline silicon 
with recently achieved mobilities approaching ~ 10 cm2V-1s-1 [103]. However, to the author’s 
knowledge, the mobilities have never been observed to be higher than ~ 10-2 to 10-1 cm2V-1s-1 
in diode configuration, with the electron mobility of PC70BM [104] and the hole mobility of 
diketopyrrolo-pyrrole-dithiophene-thienothiophene (DPP-DTT) being closest to that limit 
(𝜇h ~ 0.1 cm
2V-1s-1 [105]). The differences between OFETs and diodes could be related to the 
different charge transport directions, the specific nature of the semiconductor/insulator interface 
of the OFET channel [71, 82, 106], as well as the different operating modes (charge injection, 
vs. photocurrent extraction). Given the importance of the charge carrier mobility on the 
photovoltaic performance, future research is required to better understand the mobility 
mismatch in diode and OFET configuration. 
 
CTS recombination coefficient: Lowering the CTS recombination rate coefficient 𝑘f could 
reduce both non-geminate and geminate recombination losses (Equation 39). However, to date, 
specific design principles to control 𝑘f remain poorly understood. This thesis presents in 
Chapter V a detailed study of a BHJ OSCs with one of the highest reported photovoltaic 
performances. A strongly reduced bulk recombination coefficient was observed in this system 
due to a relatively low 𝑘f (compared to 𝑘d). The study may provide a unique opportunity to 
establish design principles to control the CTS recombination coefficient. 
 
II.10 Chapter Summary 
This chapter presented combined basic theoretical and experimental concepts relevant for the 
following results chapters. Consistent with the main focus of this work, theories and 
experimental techniques to understand the charge-transfer state dynamics, as well as the physics 
of charge transport and recombination were prominent. Disputed research topics in the field 
were discussed, along with strategies to improve the photovoltaic performance of organic light 
harvesting diodes.  
 
The following chapters are based upon submitted and published works by the author in the peer 
reviewed literature. These works are grouped into three main parts: Methodology Development 
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(Chapter III), Advances in Fundamental Understanding of Charge Transport (Chapter IV) 
and Advances in Fundamental Understanding of Charge Generation (Chapter V). 
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Chapter III: Methodology 
Development  
Charge transport and recombination in organic semiconductors and associated photovoltaic 
diodes has been intensively studied using a considerable number of experimental techniques – 
some of them adapted from inorganic semiconductor solid state physics. Although these 
methodologies can each deliver very useful information about organic semiconductors as 
disordered systems, there are still several limitations associated with the applicability of the 
obtained results to operational solar cells and photodiodes. For example, these methodologies 
often require active layers that are significantly thicker than optimum (e.g. conventional ToF) 
and/or measurement conditions or device configurations not relevant to operational photocells 
(as OFETs, SCLC, photo-CELIV, see Section II.7). This motivated us to investigate ways to 
overcome the limitations of the commonly used techniques by approaching operational 
conditions when measuring the electro-optical properties of organic semiconductors. 
 
In this chapter a transient photovoltage technique, that we term “resistance dependent 
photovoltage (RPV)” will be presented. RPV essentially extends the applicability of the 
previously established TOF methodology by combining the differential and integral operational 
modes. It allows one to obtain key charge transport parameters on operational organic solar 
cells, such as the mobilities of both electrons and holes, deeply trapped charges, and the 
bimolecular recombination coefficient in operational devices. This chapter consists of one 
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published paper, which exemplifies the application of RPV for mobility and trapping 
measurements. In addition, RPV can be used at high laser fluences (termed “HI-RPV”) to 
estimate the bimolecular recombination rate coefficient. The corresponding publication [49] is 
not presented in this thesis, although a brief description of HI-RPV is included in Section V.3. 
 
III.1 RPV for Measurement of Charge Transport Parameters 
In this section it will be shown that RPV provides key advantages over other charge mobility 
measurement techniques, notably: (a) it is applicable to thin films relevant to optoelectronic 
devices with diode-like geometries; (b) it is robust against optical interference effects; (c) both 
carrier types can be simultaneously measured in operational devices if the electron and hole 
mobilities are imbalanced; (d) deeply trapped charge carrier can be disentangled from mobile 
(or shallow-trapped) charge carriers; and (e) RPV is not as sensitive to the series resistance 
(mainly sheet resistance) as other techniques. However, there are also disadvantages and 
opportunities for further improvements, notably: RPV is not inherently selective to electrons 
and holes and the transport of both is superimposed and hard to disentangle in the case of 
moderately imbalanced mobilities (< ~ 10 times). The pulse duration of our laser (~5 ns) and 
the circuit response limits the time-resolution of our experimental setup to ~ 25 ns. Also, the 
assignment of the mean mobility value, in case of dispersive transport where the mobility is 
subject to a distribution, remains an approximation. The technique was used throughout the 
work described in this thesis and the obtained parameters are consistent with those obtained 
from other experimental techniques (e.g. SCLC, metal-insulator-semiconductor-CELIV [107] 
and intensity dependent photocurrent).  
 
The supplementary information for this paper can be accessed online at 
(http://dx.doi.org/10.1038/srep05695). 
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The impact of hot charge carrier mobility on photocurrent losses in 
polymer-based solar cells 
 
Abstract  
A typical signature of charge extraction in disordered organic systems is dispersive transport, 
which implies a distribution of charge carrier mobilities that negatively impact on device 
performance. Dispersive transport has been commonly understood to originate from a time-
dependent mobility of hot charge carriers that reduces as excess energy is lost during relaxation 
in the density of states. In contrast, we show via photon energy, electric field and film thickness 
independence of carrier mobilities that the dispersive photocurrent in organic solar cells 
originates not from the loss of excess energy during hot carrier thermalization, but rather from 
the loss of carrier density to trap states during transport. Our results emphasize that further 
efforts should be directed to minimizing the density of trap states, rather than controlling 
energetic relaxation of hot carriers within the density of states. 
 
Introduction 
While natural photosynthesis transfers electrons through a cascade of energy states, artificial 
photovoltaic systems must extract photogenerated charges to the electrodes, and despite recent 
performance gains [26], fundamental questions about this charge extraction still remain 
unanswered. There has been intense scrutiny of the mechanisms of charge generation and the 
impact of above-bandgap photon energy [65, 108, 109], however, this level of attention has not 
extended to studies of the extraction of such ‘hot’ charge carriers, despite the fact that efficient 
charge extraction is crucial for device performance [110].  
 
The most characteristic feature of charge transport in disordered systems is the dispersion of 
the charge carrier movement velocities [38]. Dispersive transport harms device performance 
because the slowest carriers bring down the average mobility [111], and consequently, the vast 
majority of novel organic semiconductors remain inapplicable for efficient devices. Moreover, 
the detrimental effects of dispersion are exacerbated by the inhomogeneities in film thicknesses 
caused by the targeted low cost deposition methodologies, because the transit time distributions 
become dramatically longer and more dispersed in regions of increased thickness. 
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Dispersive transport in organic semiconductors is usually thought to be caused by the energetic 
relaxation of hot charge carriers within their density of states [112]. Spectroscopic 
measurements and Monte Carlo simulations have revealed energetic relaxation extending even 
to the microsecond timescales, where it could be relevant to bulk charge transport [113, 114]. 
Even if the bulk of the energetic relaxation were to occur on very fast timescales, there is still 
the question of whether residual thermalization might continue to long, microsecond timescales.  
This energetic relaxation is often understood to cause a time-dependent mobility and therefore 
explain dispersive current transients [115, 116], yet we will show here that this commonly-used 
model is inconsistent with our observations in high efficiency organic solar cell materials. 
Instead, there is an alternative mechanism for the creation of a distribution of carrier velocities, 
namely, via trapping. This observation has a very direct impact on the numerous models, 
theories and experimental results describing dispersive charge transport in disordered organic 
semiconductors. Furthermore, it points to a new strategy for improving charge transport 
“management” in devices such as organic solar cells. 
 
The classic signature of dispersive transport is a time-of-flight photocurrent signal that decays 
with time even before the carriers have transited through the film [117]. This decay in 
photocurrent can occur due to two mechanisms, a reduction in carrier mobility, and/or a 
reduction in the number (or concentration) of moving carriers. The former, a time-dependent 
hot carrier mobility, is presently commonly believed to be the cause of dispersion in organic 
semiconductors [112, 115, 116] and it is usually understood to originate from a loss of energy 
as carriers thermalize within their density of states [118, 119, 120]. Higher energy carriers are 
expected to have a higher hopping probability, and hence a higher velocity [121, 122, 123], so 
the thermalization within the density of states causes the carrier mobility to decline. Recent 
studies [Melinana et al, Howard et al.] have reported mobility thermalization times on the order 
of microseconds.  However, an alternative explanation for the decaying transient photocurrent, 
which is less commonly accepted in organic semiconductors, is a time dependent concentration 
that can arise if carriers are gradually lost to traps [124, 125, 126]. The photocurrent signal will 
continue to reduce as long as the net concentration of moving carriers continues to decrease. If 
that physical process prevails, there can be decaying photocurrent despite the moving carriers 
having a constant drift velocity. Additionally, if the cause of dispersion is trapping, then it will 
influence all devices, even those which operate in the dark [127, 128].  
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In this article, we demonstrate that a time-dependent hot carrier mobility cannot explain the 
dispersive transport in two well-known bulk heterojunction solar cells comprised of poly[N-
9’’-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] 
(PCDTBT) [129] and [6,6]-phenyl-C70-butyric acid methyl ester (PC71BM) in an optimized 
blend ratio of 1:4 by weight [130]; as well as poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] 
(PTB7):PC71BM blends [131], the results of which are shown in the Supplementary 
Information. Both blends have been also extensively studied [54, 107, 132, 133] and are known 
to have quite different charge transport properties (PTB7:PC70BM being superior). In order to 
elucidate the cause for dispersive transport we performed transient photoconductivity 
experiments in which we vary the transit time by changing the electric field and/or device 
thickness. The expectation is that if the dominant cause of dispersive transport is mobility 
relaxation, then the average mobility and the amount of dispersion should vary with the electric 
field and/or film thickness, because longer transit times will allow for more relaxation to occur. 
Conversely, if the dominant effect is trapping, then it is the concentration of carriers which is 
changing in time rather than their mobility, and consequently, the average mobility and the 
dispersion range should not vary with film thickness or electric field. This transit time 
dependence allows these two dispersive mechanisms to be experimentally distinguished. 
 
Results 
Numerical Simulations of Resistance dependent PhotoVoltage (RPV) measurements 
Our experiments were made possible by the development of a new transient photoconductivity 
technique that we call Resistance dependent PhotoVoltage (RPV), which is described here and 
in the Methods section. The experimental measurement circuit for RPV is shown in Figure 1.  
This setup is similar to time-of-flight, where charge carriers are photogenerated by a short low-
intensity laser pulse. A low light intensity is necessary so that the electric field inside the device 
is undisturbed. The transient photosignal is determined by the competition between two 
simultaneous processes: the transport of charge carriers inside the film, and the response of the 
external RC circuit. Unique to the RPV approach, and in contrast with time-of-flight, the entire 
measurement is repeated at many different load resistances spanning the range from differential 
mode (small R) to integral mode (large R). The resistance is varied for two reasons: firstly, to 
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visualize the transit times, as will be shown below; and secondly, to reveal the slower carrier 
mobility by amplifying the slower carrier’s conduction current. The slower carriers produce a 
much smaller current than the faster carriers, and their transit would be buried in the noise at 
resistances that are optimized for the faster carriers. Slower carriers have much longer transit 
times, allowing the use of larger resistances, and consequently allowing for their weaker 
electrical signal to be amplified. In this way, RPV bridges the gap between differential mode 
and integral mode time-of-flight, and allows measurement of the transport of both types of 
charge carriers.  
 
Figure 1. Resistance dependent PhotoVoltage (RPV) measurement circuit (top) and timing 
diagram (bottom). A low light intensity nanosecond laser pulse is used to photogenerate charge 
carriers inside (for example) the semiconductor junction of an organic solar cell. Low light 
intensity is critical in the RPV experiment to ensure operation within the “small charge 
extraction mode” where the internal electric field distribution in the film is not altered by 
transported charges. After photogeneration, the charge carrier transport through the film is 
driven by the built-in or the applied external electric field, and the resulting transient 
photosignal is recorded by an oscilloscope. The transient photosignals are measured at various 
load resistances Rload.   
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The combination of the RC circuit dynamics, dispersive transport, and optical interference 
effects prevent analytic analysis of the transients. To study highly dispersive systems, such as 
organic solar cells, the simultaneous impact of all these effects must be understood. We applied 
numerical simulations to develop this understanding. The simulations are described in the 
Methods section and in the Supplementary Information. Typical simulated transients for an 
organic solar cell with dispersive transport are shown in Figure 2 (a). The transients show two 
distinct extraction “shoulders,” as indicated by the arrows. The transients at different resistances 
assist in visually identifying the location of these “shoulders.” The positions of these arrows 
correspond to the mean transit times required for the faster and slower carriers to cross the entire 
thickness of the film. In this simulation, carriers are repeatedly trapped and de-trapped, creating 
dispersion because the total time spent in traps is different for different carriers. The resulting 
distribution of transit times is shown at the top of Figure 2 (a), and its approximate width is 
indicated by the shaded background. It can be seen that the RPV technique allows the mean 
charge carrier mobility to be obtained even in the presence of strong dispersion. In addition to 
shallow traps that cause dispersion, we also considered deep traps that immobilize carriers for 
times much longer than the transit time of either carrier. Long lived trapping is typical in 
disordered organic semiconductors [126, 134], because many organic materials behave as 
unipolar conductors, and solar cells often have strongly imbalanced mobilities [107]. In these 
cases, repeated photogeneration adds more trapped charge in the form of the immobilized 
charge carriers, which might accumulate with every repetitive laser shot, redistributing the 
electric field and distorting the measurement. Figure 2 (b) shows simulations of this film 
charging for the case of fast Langevin-type recombination under repeated laser shots, as would 
arise from the presence of deep trap states far inside the forbidden energy gap [75]. These are 
large resistance transients, in other words, the measurement circuit has integrated the 
photocurrent such that the peak voltage is proportional to the extracted charge. If the extracted 
charge is decreasing and the extraction time remains constant, then carriers must be lost to 
recombination and not due to field screening, and hence we conclude that the trapped charges 
act as recombination sites for the mobile carriers. However, the mobility of the charge carriers 
can be determined independently of the trapping effects, because the rapid Langevin 
recombination prevents the build-up of large amounts of trapped charge that would disturb the 
transit time.  
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Figure 2. Numerically simulated RPV transients in the case of (a) dispersive transport caused 
by shallow traps, and (b) film charging caused by deep traps. (a) In the case of dispersive 
transport, the extraction “shoulders” approximately correspond to the mean charge carrier 
mobility.  (b) In the case of deep traps, the film becomes charged and the magnitude of the RPV 
transient is reduced in subsequent shots of the laser, but the transit “shoulder” remains 
unhindered which allows for reliable charge carrier mobility estimation. 
 
Figure 3 shows the recorded RPV transient signals for a PCDTBT:PC71BM solar cell. All 
transients were recorded at near to short-circuit conditions. This remains true even at large 
resistances, because the maximum photovoltage occurring during the transient is substantially 
less than the built-in voltage. The first shoulder marks the arrival time of faster carriers (27 ns), 
which is attributed to electron transport since the time scale is similar to that measured for 
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PC71BM (please refer to the Supplementary Information for measurements on PC71BM). The 
second shoulder is less well defined due to the strongly dispersive nature of hole transport in 
this system, but marks the arrival of the slower carriers (2.59 µs). The mean electron and hole 
mobilities were determined from the intersections of tangents (dotted lines) fitted to the 
photovoltage rise corresponding to the movement of faster and slower carriers, as indicated by 
arrows in Figure 3. The approximate spread of arrival times is indicated by the shaded boxes 
(corresponding to the regions where the photovoltage transients deviate and saturate to the 
dotted lines). The edges of these shaded boxes give the “fastest” and “slowest” case transit 
times, from which we obtained the dispersion range in the mobilities for each species. This 
range is an essential feature of the dispersive transport exhibited by this system, because a single 
mobility value does not correctly quantify the transport when the system is dispersive. We 
measured the mean electron mobility to be 2.9 × 10-3 cm2 V-1 s-1 with a dispersion range from 
1.1 × 10-3 cm2 V-1 s-1 to 4.5 × 10-3 cm2 V-1 s-1 and the mean hole mobility to be 3 × 10-5 cm2 V-
1 s-1 with a dispersion range from 9.2 × 10-6 cm2 V-1 s-1 to 7.4× 10-5 cm2 V-1 s-1. Despite the high 
level of dispersion observed here (the hole dispersion range covers nearly an order of 
magnitude), the OPV device still maintains good performance. However, further work is 
necessary to identify the impact of the dispersion range on the performance of solar cells.  
 
 
Figure 3. Experimentally measured RPV transient photo-signals in an optimized 
PCDTBT:PC71BM solar cell. Mean electron (faster) and hole (slower) transit times are marked, 
from which the respective mean mobilities are estimated. The dispersive nature of charge 
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transport in the studied solar cells is highlighted by shaded boxes marking the range of carrier 
arrival times. Thin curves show recorded data, while bold lines show data smoothed by adjacent 
averaging. The short timescales for large resistances were omitted for clarity. 
 
Next, we studied the impact of photon energy on the hot charge carrier transport, because any 
relaxation effects are likely to be dependent upon the initial energy. This is important because 
of recent suggestions that excess above-bandgap energy may assist excitonic dissociation [109], 
although the methodology of that observation has been challenged [135]. We note that quantum 
yields have been shown to be independent of the energy level of the excited state, suggesting 
that hot excitons are indeed not beneficial for exciton separation [89]. Nevertheless, hot charge 
carriers – rather than excitons – might also possess excess energy and shape the internal 
quantum efficiency spectra; therefore, it is important to clarify these effects, aiming for 
improvement in the charge extraction of typical low mobility organic materials. In the past the 
absence of hot charge carrier effects has been observed indirectly [136]. Numerical simulations 
predict that RPV is independent of optical interference effects (Supplementary Figures 2 and 
3), allowing direct and unambiguous measurement of any hot charge carrier effects that may be 
present. RPV transients were measured at two different photon energies, 3.49 eV (355 nm) and 
2.33 eV (532 nm). The results are plotted in Figure 4, showing nearly identical transients 
resulting from laser excitation at the two different wavelengths.  The photon energy independent 
mobility suggests that excess energy plays a minimal role in dispersive transport, since carrier 
thermalization (if it is present) must happen in time scales much shorter than the transit time. 
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Figure 4. RPV transients measured on a 75 nm PCDTBT:PC71BM solar cell using two different 
laser wavelengths: 355 nm (3.49 eV) and 532 nm (2.33 eV). The nearly identical transient 
responses directly demonstrate the absence of hot carrier effects in this system.  
 
To further confirm that the dispersion in hot carrier mobilities is not caused by the 
thermalization of carriers, we studied the electric field and film thickness dependence. Longer 
transit times should allow more time for thermalization, thus influencing the result if the 
dispersion is due to carrier relaxation. The results are shown in Figure 5; the Supplementary 
Information includes a selection of the transients from which these mobilities were estimated.  
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Figure 5. Electron and hole mobilities measured in PCDTBT:PC71BM solar cells. The error 
bars show the dispersion ranges. Carrier mobilities and dispersion ranges are independent of 
electric field and photon energy [panel (a)], and nearly independent of film thickness [panel 
(b)], demonstrating that carrier thermalization cannot account for the dispersive transport in 
this system. Consequently, dispersion is caused by trapping.  
 
The mobilities and dispersion ranges are completely independent of electric field and photon 
energy [Figure 5 (a)], suggesting that trapping mechanisms are more significant than relaxation 
mechanisms. The lack of electric field dependence is in contrast with the Poole-Frenkel 
dependence reported in pristine PCDTBT [137]. This is an unexpected result, because in 
disordered organic systems significant electric field dependence is typically observed, even at 
relatively low values of electric fields [137], which is thought to originate from hopping-type 
charge transport. Further studies of the temperature dependence, and measurements on other 
systems, have to be performed in order to clarify the origin of this observation. Additionally, 
we observe that the mean mobilities and dispersion ranges are nearly independent of the film 
thickness [Figure 5 (b)]. We attribute the small changes in mobility to device-to-device 
variations that result from the fabrication process. The thickness independence of the mean 
mobilities and dispersion ranges further support the claim that the dispersion is caused by traps 
instead of relaxation. A charge carrier density dependence in the mobility even at low 
concentrations has been observed in P3HT:PCBM blends [128], and we note that a 
concentration dependence might cause dispersion as carriers gradually become trapped and the 
density decreases. We do not exclude the possibility of a density dependence here. However, 
in our measurements, increasing thickness corresponds to lower densities because the amount 
of photogenerated charge was always less than CU, which is inversely proportional to thickness. 
Consequently, the thickness independence in the mobility implies that there is negligible 
density dependence at the concentrations probed here.  
 
Further measurements were also performed on solar cells made with PTB7 blends. The results 
show the same conclusions as the PCDTBT blends: the mean mobility and dispersion ranges 
are independent of film thickness, applied electric field, and photon energy (Supplementary 
Figures 8, 10, and 11). The results reported here appear to be generally applicable and are 
certainly not specific to PCDTBT blends.  
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Discussion 
Charge transport in the studied operational OPV blends is strongly dispersive, as demonstrated 
by the decaying time-of-flight photocurrent transients in thick devices (Supplementary Figure 
6). These time-of-flight transients were recorded in a regime where drift dominates over 
diffusion, so the current density is described by j = eE (nµn + pµn), where e is the charge of an 
electron, µn and µp are the electron and hole mobilities, n and p are the carrier concentrations, 
and E is the electric field. The observation of a decaying photocurrent density j can be explained 
by two mechanisms: thermalization (a time dependent mobility, µ), and/or trapping (a time 
dependent concentration of moving charge carriers, n). These mechanisms are schematically 
illustrated in Figure 6, from which it can be seen that either model would result in dispersive 
photocurrent transients. We found no evidence of thermalization-type effects on the timescales 
comparable with those involved in charge transport. Figure 4 directly demonstrates that that 
excess energy of hot carriers has essentially no contribution to mobility or dispersion. In Figure 
5, we demonstrate that the dispersion range is independent of the applied electric field and 
changes very little with thickness. If thermalization on transport time scales [120] were the 
cause of the dispersion, then modifications to the transit time should change the mean mobility 
and/or dispersion range by varying the time available for relaxation. Such a variation was not 
observed, and hence we exclude thermalization as the mechanism of the dispersive transport. 
Any relaxation processes must be much faster than charge transport, so that the distance covered 
by charges as they relax is insignificant compared with the film thickness, and hence the 
relaxation has negligible contribution to the overall dispersion. With relaxation excluded, the 
only remaining mechanism is a reduction in the concentration of moving carriers, therefore, we 
conclude that trapping is the primary cause of the dispersion in these systems. This challenges 
the widely-used model of hot carrier relaxation within the density of states. Consequently, 
dispersive transport potentially impacts on the many different devices that employ films made 
from disordered semiconductors, including those that operate in the dark or at steady-state 
conditions.  
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Figure 6. Schematic illustration of the two pathways to dispersive transport. (a) Thermalisation 
causes the mobility to decrease with time, whereas (b) trapping causes the loss of carrier 
density. We have shown here that the latter case (trapping) is the dominant effect in the studied 
solar cells. 
 
Conclusion 
In conclusion, electron and hole mobilities and their dispersion ranges were measured 
simultaneously using the RPV technique in a high efficiency narrow optical gap 
polymer/fullerene system (PCDTBT:PC71BM). We found that the transport of electrons and 
holes are both strongly dispersive in these thin, efficient solar cells. We introduced the 
dispersion range as a parameter to quantify charge transport, since a single mobility value is 
insufficient to properly characterize a dispersive material. We directly observed the absence of 
“hot carrier” effects on time scales relevant to charge extraction, and furthermore found that the 
dispersion is caused by trapping rather than thermal relaxation. We have found that the widely-
used model of hot carrier relaxation within a density of states is not the dominant process 
causing the dispersion in the studied solar cells. Furthermore, in contrast with the Poole-Frenkel 
dependence previously reported in pristine PCDTBT and other disordered systems, the studied 
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solar cell blends exhibit an unexpected negligible electric field dependence. While further work 
is needed to clarify this observation, electric field independence may assist in maintaining a 
good fill factor by keeping the mobility higher near the maximum power point. The absence of 
hot carrier effects and an electric field independent mobility were also observed in 
PTB7:PC71BM solar cells, suggesting that these conclusions may be more generally applicable. 
This work signifies the importance of localized trap states as opposed to thermalization and hot 
carrier effects in efficient polymer-based solar cells. Since dispersion arises from trapping, it is 
also important for other types of devices, such as organic field effect transistors and diodes. 
Trap states are relevant whether the carriers were injected or photogenerated, and whether the 
device is in transient or equilibrium conditions.  Our results suggest that further scientific 
research should be directed towards reducing the density of trap states rather that utilizing 
above-bandgap energy for improving electronic device performance. 
 
Methods 
Numerical simulations: The simulations are based on a standard one-dimensional drift-
diffusion-recombination solver [138, 139] assuming a negligible amount of equilibrium 
carriers, which is typically the case in organic semiconductors [52] as well as in the studied 
devices. For simulations of dispersive transport, we implemented a multiple trapping and 
release model [124, 125, 140] with an exponential density of localized states.  The full list of 
equations are given in the Supplementary Information. 
 
Solar cell fabrication: 15 Ω/sq. Indium tin oxide (80 nm thick, purchased from Kintec) coated 
glass substrates were cleaned in a 100 ºC water bath with alconox (detergent), followed by 
sonicating in sequence with de-ionized water, acetone and 2-propanol for 6 minutes each. Next, 
a 30 nm layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was 
spin-coated at 5000 rpm for 60 sec onto the cleaned substrates, which were then annealed at 
170 ºC for a few minutes in air. For PCDTBT devices, a solution of PCDTBT (purchased from 
SJPC Group) and PC71BM (purchased from Nano-C) was prepared by using a 1:4 blend ratio 
by weight and a total concentration of 25 mg/cm3 in dichlorobenzene (DCB). Solar cells with 
four active layer thicknesses, 75 nm, 230 nm, 270 nm and 410 nm (measured by a DekTek 
profilometer), were fabricated by spin coating. The chosen PCDTBT:PC70BM system is 
suitable for this study because its amorphous nature [141] allows to minimize the impact of the 
film thickness on the morphology. The thin film (active layer thickness of 75 nm) 
PCDTBT:PC71BM solar cell exhibited a power conversion efficiency of 6.3% under standard 
AM1.5G illumination, while the PTB7:PC71BM blends reached 7.7%. Current-voltage curves 
for both devices are shown in Supplementary Figure 5. None of the optimized PCDTBT or 
PTB7 based devices demonstrated any significant film morphology inconsistencies in the range 
of studied film thickness. (See the Methods section for the details of the fabrication and the 
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Supplementary Information for characterization of photovoltaic performance). The presence of 
dispersive transport was confirmed by time-of-flight experiments on thick films 
(Supplementary Figure 6). No photocurrent plateaus were observed; the transients decrease 
with time as is typical of dispersive systems. For PTB7 devices, the active layer of PTB7 (1-
Material, Mw = 97.5 kDa, PDI = 2.1) and PC71BM (ADS) was prepared as previously described 
[26] resulting in 100 nm, 150 nm, 230 nm, and 700 nm thick films. To complete the solar cells 
1.2 nm of samarium and 75 nm of aluminium were deposited under a 10-6 mbar vacuum by 
thermal evaporation. The device areas were 0.2 cm2 for current density versus voltage (J-V) 
measurements and 3.5 mm2 for charge transport measurements. J-V characteristics were 
obtained in a 4-wire source sense configuration and an illumination mask was used to prevent 
photocurrent collection from outside of the active area. An Abet solar simulator was used as 
the illumination source and provided ~ 100 mW/cm2 AM1.5G light. 
 
RPV measurements: A delay/trigger generator (Stanford Research Systems DG535) was used 
to trigger the laser and function generator (Agilent 33250A) pulses for timing control. A pulsed 
Nd:Yag laser (Brio Quantel) with a pulse length of 5 ns, frequency of 2 Hz and output energy 
of ~ 50 mJ was used to generate the carriers. Neutral density filters (in this particular case 
optical density 7) were used to reduce the laser intensity for the RPV measurements such that 
the resulting photovoltage at a load resistance of 1 MΩ (~100 mV) remains significantly below 
the built-in voltage. This ensures that the measurement is performed under quasi short-circuit 
conditions. A function generator was used to apply external voltage pulses for electric field 
dependent mobility measurements. RPV photovoltage signals were recorded with an 
oscilloscope (WaveRunner 6200A) at various external load resistances. RPV transients were 
smoothed with an adjacent averaging function to neutralize the electromagnetic wave 
oscillations in the measurement circuit. In agreement with previous studies done by Clarke et 
al. [78], dark-CELIV transient responses showed no equilibrium carrier extraction, justifying 
the application of RPV to the studied devices. Optical interference simulations were performed 
using the transfer matrix approach [142] with typical optical constants of PCDTBT/PCBM 
blends [143]. 
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Chapter IV: Advances in 
Fundamental Understanding of 
Charge Transport  
It is well known that the low mobility and the fast recombination dynamics of the Langevin-
type in disordered organic semiconductors negatively impacts the charge collection efficiency 
of organic photovoltaic diodes. Therefore, a detailed knowledge of the conditions under which 
the extraction of charge carriers is not affected by the detrimental recombination of free charges 
would be desirable to optimize the photovoltaic performance. The previous chapter presented 
a photovoltage transient technique (RPV) to estimate the charge transport parameters in 
operational OSCs, however, knowing these parameters in isolation is still insufficient to gain a 
conclusive understanding of the charge collection efficiency. This inspired us to investigate in 
a next step techniques to assess the charge carrier collection efficiency (𝜂COLL) and in particular 
to understand how the charge transport parameters is correlated with 𝜂COLL.  
 
The two published works in this chapter present an improved methodology to understand and 
quantify 𝜂COLL. The results provide a simple recipe for avoiding non-geminate recombination 
in thin-film organic photovoltaic diodes in which charge photogeneration occurs in the volume 
of the active layer (< ≈500nm). As such, the two works provide a conclusive understanding of 
the overall charge collection efficiency in organic photovoltaic diodes. The experiments 
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explained in this chapter also indicate that charge transport is not a major limit factor of typical 
OSCs at short-circuit conditions with relatively thin active layers on the order of 100 nm.  
 
IV.1 Conditions to Avoid Bimolecular Recombination Losses  
In this section the bimolecular recombination of opposite charge carriers during charge 
extraction is discussed. We extended the applicability of the existing intensity dependent 
photocurrent (iPC) methodology experimentally and theoretically. Experimentally the iPC was 
measured over several decades of light intensity – to the author’s knowledge – with a higher 
precision than in any previous study. The iPC measurements allows one to identify the light 
intensity at which the bimolecular recombination rate affects photocurrent extraction rate. The 
results demonstrate that bimolecular recombination losses emerge if the photocurrent hits 
approximately the space charge (or transport) limited photocurrent, which further reveals how 
the charge transport parameters control these recombination losses. Thereby, this work presents 
a simple set of design rules to manufacture organic photodiodes that are not limited by 
bimolecular recombination; this can be done through both device and material engineering. The 
results were verified in different photovoltaic diodes with varying active layer thicknesses, at 
different applied voltages and excitation wavelengths, and backed up by numerical simulations. 
Notably, the main results have been further confirmed for many (~20) other OSCs (Section V.1 
and Section V.3) and also for OSCs with varying blend ratios (Section V.2).  
 
The supplementary information of this paper can be accessed online at 
(http://dx.doi.org/10.1038/srep09949) 
  
 65 
 
Photocarrier drift distance in organic solar cells and 
photodetectors 
 
Abstract  
Light harvesting systems based upon disordered materials are not only widespread in nature, 
but are also increasingly prevalent in solar cells and photodetectors. Examples include organic 
semiconductors, which typically possess low charge carrier mobilities and Langevin-type 
recombination dynamics – both of which negatively impact device performance. It is accepted 
wisdom that the “drift distance” (i.e., the distance a photocarrier drifts before recombination) is 
defined by the mobility-lifetime product in solar cells. We demonstrate that this traditional 
figure of merit is inadequate for describing the charge transport physics of organic light 
harvesting systems. It is experimentally shown that the onset of the photocarrier recombination 
is determined by the electrode charge and we propose the mobility-recombination coefficient 
product as an alternative figure of merit. The implications of these findings are relevant to a 
wide range of light harvesting systems and will necessitate a rethink of the critical parameters 
of charge transport. 
 
Introduction 
Light harvesting devices fabricated using non-single-crystal films such as polymers, organic 
molecules, dye-sensitized structures, nanoparticles as well as perovskites offer the potential for 
low cost and large area fabrication. All these systems lack long-range electronic order and have 
a common feature, i.e., their electrical conduction is inferior to highly-crystalline inorganic 
semiconductors such as silicon. The relatively poor electrical conduction arises because of their 
orders of magnitude lower electron and hole mobilities, and the low density of intrinsic charge 
carriers. Low photocarrier mobility causes charge transport losses, and limits the performance 
of optoelectronic devices, and in particular those designed to harvest or detect photons. 
 
Charge transport losses are typically described by the average distance that a photocarrier 
travels prior to its recombination event. The critical requirement for lossless charge transport is 
that the drift or diffusion distance (LD) must be longer than the active layer thickness (d). For 
inorganic crystalline semiconductors this distance is classically defined by the product of the 
charge carrier mobility and lifetime () regardless whether the photocarrier driving force is 
the electric field (drift) or concentration gradient (diffusion) [144]. In strongly non-Langevin 
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materials such as silicon and other inorganic crystalline semiconductors (where the 
recombination coefficient is typically >105 times lower compared to Langevin systems [145]), 
the photogenerated charges can pass each other at distances closer than Coulomb radius without 
recombination during transport. The reason is that the carrier mean free carrier path (the average 
distance between carrier collisions during random thermal motion) of ~100 nm is much larger 
than the Coulomb radius (the distance at which the thermal energy equals the Coulomb energy) 
of ~5 nm [20]. This implies that the mutual Coulombic attraction between positive and negative 
charges does not significantly affect the travel trajectory and the photocarrier lifetime represents 
the true nature of recombination. Therefore, the mobility-lifetime product can adequately 
describe the distance charges travel prior to recombination in these crystalline non-Langevin 
systems. 
 
In contrast, in disordered organic semiconductors (an archetypal Langevin-system) the mean 
free path is defined by the carrier hopping distance (~1 nm), which is substantially shorter than 
the Coulomb radius (~20 nm) [51]. Hence, when the charge carrier density is such that the 
average separation distance between charges is comparable to the Coulomb radius, charge 
carriers have a high probability of recombination because positive and negative charges are not 
able to escape the Coulomb attraction. The recombination dynamics is then defined by the 
Langevin rate. The photocarrier lifetime under these conditions is strongly dependent upon the 
physical separation of negative and positive charges, which is determined by the carrier density, 
distribution, and, for example, on the formation of space charge regions. Therefore, a single 
carrier lifetime cannot adequately characterize the entire device. In contrast the recombination 
coefficient is a material property, which is unaffected by the distribution of charge carriers. 
Furthermore, the lifetime also depends on the photocarrier mobility [146], which dictates the 
average velocity with which charges of opposite signs move with respect to each other. Given 
this dual dependency and the arguments above, the mobility-lifetime product (and hence LD) is 
clearly unsuitable as a universal “figure of merit” for the transport physics of organic 
semiconductors which are Langevin-type, as most are [51].  
 
Despite these considerations, the mobility-lifetime product is widely used as an appropriate 
predictive metric by which to assess and explain the performance of organic solar cell materials 
and architectures, and indeed more broadly photon-harvesting or detecting devices [127, 147, 
148, 149, 150, 151]. In this work, we address the fundamental processes determining the 
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photoconductivity and charge transport losses in low mobility disordered films of organic 
semiconductors. We demonstrate that the classical mobility-lifetime approach is not a 
convenient parameter to describe the charge transport in these light harvesting systems. We 
independently measure the relevant charge transport parameters in operational devices, and 
directly relate these basic properties to the bimolecular recombination losses. The results show 
that the critical carrier density that triggers the onset of the recombination losses is determined 
by the charge density on the device electrodes. Based upon this physics we propose an 
alternative figure of merit allowing the minimization of charge transport losses in undoped 
disordered systems, where charge trapping does not dictate the photovoltaic performance. To 
this end, we employ intensity dependent PhotoCurrent (iPC) and Resistance dependent 
PhotoVoltage (RPV) measurements in two high efficiency organic solar cell (OSC) systems – 
each with quite different transport physics. 
 
Results 
Photovoltaic performance of solar cells 
The most efficient single junction organic solar cell architecture currently employed is the so-
called bulk heterojunction (BHJ). This architecture has an active layer containing a blend of 
organic semiconductors with electron acceptor and electron donor characteristics. In our study 
we employed two high efficiency blends namely: poly[(4,8-bis{2-ethylhexyloxy}benzo[1,2-
b:4,5-b’]dithiophene-2,6-diyl)(3-fluoro-2-{[2-ethylhexyl]carbonyl}thieno[3,4-
b]thiophenediyl)]:[6,6]-phenyl-C70-butyric acid methyl ester  (PTB7:PC70BM) [131] and 
poly[N-9’’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] 
(PCDTBT):PC70BM [152]. The structures of the two different polymers are provided Figure 
1. These systems have been extensively studied [54, 104, 107, 132, 133] and are known to have 
quite different charge transport properties (PTB7:PC70BM being superior). In this work we 
varied the junction thickness as an experimental parameter so as to access a range of key charge 
transport properties (recombination and mobility) in a systematic manner and study their impact 
upon device performance.  
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Figure 1. Average Current density-voltage (JV) characteristics under standard AM 1.5G 
illumination of organic solar cells fabricated from (a) PTB7:PC70BM blends with 100 nm, 230 
nm and 700 nm thick active layers and (b) PCDTBT:PC70BM blends with 75 nm, 230 nm and 
850 nm thick junctions. The photovoltaic performance of the PCDTBT:PC70BM  blends is 
much more susceptible to the film thickness of the active layer compared to PTB7:PC70BM.  
 
Figure 1 shows white light current density versus voltage (JV) plots obtained under standard 
AM 1.5G illumination for each polymer:PC70BM blend as a function of junction thickness. 
The plots are representative of fabrication batches containing multiple devices (see Methods). 
For PTB7:PC70BM solar cells shown in Figure 1 (a), the optimal junction thickness is 100 nm, 
and hence 230 nm and 700 nm are essentially sub-optimal and this is borne out by the JV curves. 
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Similarly, Figure 1 (b) shows representative white light JV characteristics for the 
PCDTBT:PC70BM system. In this case the optimal junction thickness is 75 nm – 230 nm and 
850 nm being sub-optimal. The performance metrics including relevant statistics are 
summarized in Table 1. It has previously been demonstrated that the Fill Factor (FF) and PCE 
fall off rapidly for junctions > 80 nm for PCDTBT:PC70BM [133], and we also observe the 
same trend. This has been attributed to poor charge transport in this blend, in particular low 
hole mobilities which leads to significant bimolecular recombination under 1 sun operating 
conditions. The PTB7:PC70BM cells have considerably better charge transport and the PCE is 
maintained past 100 nm – although it does fall off for thicker junctions. Loss of FF still limits 
the optimal junction thickness to 100 nm – 150 nm: increasing the thickness to 230 nm delivers 
higher short circuit current but FF losses lead to reduced PCE of 5.1%. These observations are 
in-line with expectations. 
 
Photovoltaic performance parameters 
Polymer 
blended with 
PC70BM and 
junction 
thickness 
 
 
PTB7 
100 nm 
 
 
PTB7 
230 nm 
 
 
PTB7 
700 nm 
 
 
PCDTBT 
75 nm 
 
 
PCDTBT 
230 nm 
 
 
PCDTBT 
850 nm 
JSC [mA/cm2] 15.3 ( 0.3) 16.0 ( 0.4) 6.3 ( 1.7) 10.3 ( 0.3) 8.3 ( 0.8) 4.4 ( 1.2) 
VOC [V] 0.7 0.71 0.72 0.84 0.75 0.76 
FF [%] 59 45 28 56 42 33 
PCE [%] 6.3 ( 0.1) 5.1 ( 0.2) 1.3 ( 0.4) 4.8 ( 0.1) 2.6 ( 0.2) 1.1 ( 0.3) 
 
Table 1. Device performance parameters including standard errors of the studied 
PTB7:PC70BM and PCDTBT:PC70BM devices. 
 
Photocarrier recombination losses 
To quantify these transport losses and relate the observed losses in the photovoltaic 
performance in the non-optimal, thick active layer junctions to the losses in charge transport, 
we employed two techniques: iPC and RPV measurements. The iPC method has been 
extensively used to assess bimolecular losses in organic solar cells  [128, 132, 153, 154, 155, 
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156] and relies upon the accurate measurement of photocurrent as a function of the input light 
intensity (typically from 1 to 100 mW cm-2). A linear fit to the photocurrent-intensity in a 
log-log plot is used (where the slope is often marked as α) to determine whether the device 
performance is limited by bimolecular recombination or not. Deviation from slope 1 shows the 
presence of significant bimolecular recombination. However, fitting a line to the photocurrent 
data over a narrow range of intensities near this transition between the linear and the sub-linear 
regimes [73, 154, 157] can result in an arbitrary slope and is prone to error. Furthermore, iPC 
measurements over a large range of light intensities are also crucial for characterizing organic 
photodiodes (OPDs) since the point of deviation determines the Linear Dynamic Range (LDR) 
- an important figure of merit in all photodetectors. Once again LDR measurements are often 
not performed over a sufficiently broad intensity range to accurately determine the deviation 
point [158, 159].  
 
Figure 2. iPC results: the photocurrent measured as a function of the incident laser power 
varied by orders of magnitude in PTB7:PC70BM blends and PCDTBT:PC70BM blends with 
junction thickness of ~230 nm. The 1 sun equivalent laser power is marked by the dashed lines. 
The onset of the bimolecular recombination losses appear at the highest laser powers when the 
photocurrent becomes non-linear.   
 
With these considerations in mind, we have extended the measurement range by many orders 
of magnitude. Figure 2 shows extended range iPC results for both polymer blends with 
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photocurrent measured between ~ 3x10-9 W and ~ 3x10-1 W of laser power (note, the 
illuminated device area is 0.2 cm2). The junctions in both cases were ~230 nm thick and the 
iPC measurements on other junction thicknesses are provided in the Supplementary 
Information for completeness (see Supplementary Fig. 1). We observe that the photocurrent 
increases linearly at low light intensities until a critical current that we call the deviation current 
is reached. Beyond the deviation current, the bimolecular recombination rate becomes 
comparable with the extraction rate and causes the photocurrent to deviate from linearity. In the 
linear regime the photocurrent is only affected by first order losses (i.e., those with a rate 
proportional to the first power of the illumination power). The origin of the first order losses 
has been attributed to a number of photophysical processes including incomplete absorption 
and geminate recombination [153, 155]. Note, that a linear scaling of the photocurrent with the 
laser power does not guarantee the absence of photocarrier recombination in cases where there 
are a large amount of long-lived trap states or strong doping [40, 132, 160, 161]. It has been, 
however, previously argued that first order photocarrier recombination (or trap-assisted 
recombination) is not relevant in optimized and efficient OSCs [40, 162]. In particular, 
dominant second order recombination dynamics have been observed in optimized 
polymer:PC70BM blends [93, 163]. In this work we have also experimentally confirmed the 
absence of long-lived trap-induced recombination losses by repetitive RPV shots in the 
optimized and the 230 nm thick junctions (Supplementary Note 1 and Supplementary Fig. 
2), while dark-CELIV transients prove the absence of doping induced charges (Supplementary 
Fig. 3). Since first-order non-geminate recombination is not significant at short-circuit in the 
polymer- fullerene combinations of this work, we focus on the impact of the charge transport 
parameters on the transition from the linear to the nonlinear iPC regime, which corresponds to 
the onset of substantial bimolecular recombination losses with a non-linear recombination 
order. 
 
In order to better visualize the onset of photocarrier (bimolecular) recombination, in Figure 3 
(a) and (b) we have re-plotted the iPC data as External Quantum Efficiency (EQE – the ratio 
of the photocurrent with input light intensity at short circuit) versus input light power. This 
process creates a non-logarithmic y-axis to visualize and compare more accurately the deviation 
points for all the junction thicknesses in both systems. We have also normalized the x-and-y-
axes respectively to 1 sun equivalent power (i.e., the laser power at the short-circuit current) 
and the EQE in the constant regime to 100%.  
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Figure 3. External Quantum Efficiencies (EQEs) (re-plotted from representations such as 
Figure 2) shown as a function of the incident laser power in the studied active layer thicknesses 
of (a) PTB7:PC70BM and (b) PCDTBT:PC70BM blends. The EQEs were normalized to 100% 
and the laser power to the 1 sun equivalent power to visualize the bimolecular recombination 
losses at the short-circuit conditions. This methodology allows one to quantify the photocarrier 
bimolecular recombination losses in actual solar cells under close-to-operational conditions. 
Figure (c) shows the recombination losses estimated from the Figures (a) and (b) and plotted 
as a function of the active layer thickness. 
 
Note, this normalization sets the absorption and generation efficiency of the EQE to 100%. 
Therefore losses in the normalized EQE directly show losses in the transport (collection) 
efficiency. Figure 3 (a) shows the PTB7:PC70BM data and one observes that there are minimal 
recombination losses for the 100 nm and 230 nm thick junction solar cells up to 1 sun equivalent 
power (<1% and ~6% loss, respectively). However, in the 700 nm junction device, significant 
recombination losses are observed (~38%). For the PCDTBT:PC70BM devices, shown in 
Figure 3 (b), again only minor losses were observed in the highest efficiency, 75 nm thick 
junction cell. In contrast to the PTB7:PC70BM system, the 230 nm device displays considerable 
1 sun recombination losses (transport efficiency reduced by ~ 37%). As the active layer is 
further increased to 850 nm, recombination decreases the transport efficiency substantially by 
~78%. The recombination losses for all devices are summarized in Figure 3 (c). In both blend 
systems, the recombination losses are observed to follow the same trend as the solar cell 
performance metrics. It is worth noting that the trends in the two systems are similar, but with 
the effect of the recombination losses in the PTB7:PC70BM blends being shifted to thicker 
junctions. 
 
Origin of photocarrier bimolecular recombination losses 
To further understand the losses in charge transport, we have measured the charge carrier 
mobilities and recombination coefficients in the studied devices. It should be noted that it was 
essential for this work to compare the mobility values (or transit times) with the recombination 
onset on the same devices. The well-known SCLC measurement technique was not applicable 
because the J ~ U2 dependence of the Mott-Gurney law cannot be observed for the operational 
devices [54] and mobilities obtained on pristine films are usually not the same as in blends of 
two organic semiconductors [107]. Therefore, we have used the RPV [54, 104] and High 
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Intensity Resistance dependent PhotoVoltage (HI-RPV) [49, 54] techniques to determine the 
mobility of both electrons and holes as well as the bimolecular recombination coefficient ratio 
βL/β (where β is the actual and βL the Langevin recombination coefficient) (Supplementary 
Fig. 4 to Supplementary Fig. 7). We found thickness independent dispersive carrier mobilities 
and bimolecular reduction factors: μelectron ~ 3x10-3 cm2 V-1s-1, μhole ~ 3x10-4 cm2 V-1s-1 and βL/β 
~ 50 in PTB7:PC70BM devices. The mobility of holes is ~10 times lower and the bimolecular 
recombination coefficient ratio is ~2 times lower in the PCDTBT:PC70BM devices, while a 
similar electron mobility was observed in both blends. An interesting observation is that the 
measured charge carrier mobility and βL/β are almost the same in all studied film thicknesses 
for each polymer:PC70BM blend (Supplementary Fig. 5 and Supplementary Fig. 7). This 
suggests that well controlled device preparation conditions did not result in any significant 
change in film structure that may have affected the charge transport. 
 
Figure 3 also illustrates that the substantial bimolecular recombination losses appear at 
different photocarrier densities, which are dependent upon the junction thickness and blend 
system. Similarly, the space charge limited current (ISCLC) is determined by the density of space 
charge [164]. The ISCLC has been shown to follow a square root dependence on the bimolecular 
recombination coefficient ratio (βL/β)1/2 [52]. It has also been previously demonstrated that the 
space charge limited photocurrent is proportional to the extraction rate of the slower charge 
carriers because they create a “bottleneck” for charge transport forming the space charge and 
causing the bimolecular recombination losses [155, 165]. Therefore, the following expression 
can then be generalized: 
 
 𝐼SCLC ~ 𝐶𝑈/𝑡tr
slower (𝛽L/𝛽)
1/2 (1) 
 
where C is the device capacitance, U is the effective voltage (superposition of built-in and 
external) and  ttr
slower is the transit time of slower charge carrier species.  
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Figure 4. Normalized External Quantum Efficiencies (EQEs) shown as a function of the 
measured photocurrent in the studied active layer thicknesses of (a) PTB7:PC70BM blends and 
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(b) PCDTBT:PC70BM blends. The photocurrent is normalized to the space charge limited 
current (ISCLC), which is calculated from the measured charge transport parameters using 
Equation 1. When the actual measured photocurrent approaches the space charge limited 
current, substantial recombination losses manifest implying that the electrode defined space 
charge controls the drift distance of photocarriers. (c) Numerically simulated EQEs as a 
function of the photocurrent confirm that the deviation is caused by the ISCLC, where the 
appearance of the first recombination losses can occur at a slightly lower photocurrent 
compared to ISCLC. 
 
Using the measured slower carrier mobilities/transit times and recombination coefficients we 
can calculate the ISCLC for each device (see Methods) and replot the previous EQEs (Figure 3) 
as a function of the photocurrent normalized to the ISCLC for the PTB7:PC70BM  and 
PCDTBT:PC70BM blends in Figure 4 (a) and (b) respectively. Note, that the calculated ISCLC 
values vary over many orders of magnitude mainly because of differences in the slower carrier 
transit times due to the different junction thicknesses. The key observation from Figure 4 is 
that the bimolecular recombination losses start when the photocurrent reaches approximately 
the ISCLC value, regardless of the active layer thickness. This implies that the critical charge 
carrier density that causes significant bimolecular recombination (compared to the extraction 
rate) is approximately equal to the surface charge density stored on the electrodes (CU), while 
the recombination coefficient ratio allows this critical density to be larger. The results are also 
confirmed in photodetectors with the same device architectures using applied external voltages 
to facilitate the charge transport and extraction. The bimolecular recombination losses are 
typically smaller at higher applied reverse biases, because the applied voltage increases the 
charge carrier drift velocity and the value of CU (Supplementary Figure 8 (a)). Nevertheless, 
even as the applied bias voltage is varied, the onset of substantial losses continues to coincide 
with the ISCLC (Supplementary Figure 8 (b)). When a forward bias is applied (relevant to solar 
cells at operational conditions) the recombination losses increase (Supplementary Fig. 9). 
 
Numerical simulations of the EQEs, shown in Figure 4 (c) for a mobility ratio of 100 and a 
recombination coefficient ratio of 20 further confirm the validity of Equation 1, the role of the 
μs (βL/β)1/2 product and the space charge current limit. Moreover, these simulations can be used 
to predict the onset of bimolecular recombination losses as a function of experimental 
conditions such as the impact of the mobility ratio, recombination coefficient, the series 
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resistance and the light absorption profile (see Supplementary Note 2 and 3; Supplementary 
Fig. 10 to Supplementary Fig. 12).  
 
Discussion 
Space charge determined photocarrier drift distance 
Drawing these experimental results together demonstrates that significant bimolecular 
recombination losses appear at very specific light intensities, junction thicknesses and applied 
voltages, depending upon the materials system in question. The experimental results suggest, 
that when the photocurrent matches the space charge limited current (i.e., when the photocarrier 
density is close to the CU space charge defined by the electrodes in Langevin-type systems), 
then the photocarrier drift distance becomes comparable to the junction thickness (LD ~ d) and 
substantial recombination losses emerge. Referring back to the Introduction, in which we 
compared the charge carrier drift distances in two classes of materials, non-Langevin and 
Langevin, we reiterate that in the latter the critical photocarrier lifetime and drift distance are 
dependent upon carrier density. This is defined by a number of material and device related 
parameters such as the light intensity, optical cavity effects, quantum efficiency of charge 
generation, film thickness, the photocarrier mobility, and others. This, in addition to the 
observed space charge dependent drift distance, clarifies that the µτ product (and therefore the 
drift distance itself) is not an independent intrinsic parameter that can be conveniently used as 
a comparative figure of merit to understand the charge transport physics. Importantly, the µτ 
product can also not be used to determine the critical active layer thickness to minimize the 
bimolecular recombination losses. These concepts and results are visualized in Figure 5. Based 
upon this considerations we propose the product of the materials parameters μs (βL/β)1/2 from 
Equation 1 as a comparative transport figure of merit because it determines the decisive ISCLC. 
It is important to note, however, that this figure of merit alone is not sufficient for describing 
the performance of the actual devices, because the recombination losses are governed by 
additional device related parameters, such as the film thickness, dielectric constant (both are 
defining the device capacitance) and effective voltage. Figure 4 shows that significant 
bimolecular recombination losses can be avoided only when the ISCLC is greater than the actual 
photocurrent produced by the solar cell (see SI Supplementary Fig. 13  for the minimum μs 
(βL/β)1/2 required to minimize the bimolecular recombination for a given active layer thickness 
and achievable photocurrent). 
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Figure 5. Schematic drawing showing the nature of charge carrier transport in non-Langevin 
(a) and Langevin-type systems (b). The photocarrier drift distance (LD) in non-Langevin 
systems is adequately described by the mobility-lifetime product because in these typically 
highly ordered systems the photocarrier mean free path is much larger that the Coulomb radius 
(rc). The photocarrier drift distance in Langevin-type systems is determined by the physical 
separation between the charges and their mobility. The critical charge density that triggers 
significant recombination (compared to the extraction rate) is determined by the electrode 
defined space charge density CU. This situation is relevant to disordered structures where the 
photocarrier hopping distance is much smaller that the Coulomb radius (localized charge 
transport). 
 
Finally, we note the influence of the transport and recombination dynamics in our two studied 
systems: the observed differences in the junction thickness dependent recombination losses are 
explained by the 10 times higher value of the slower carrier mobility and the ~2 times higher 
bimolecular recombination reduction factor in the PTB7 blends as compared to the PCDTBT 
blends. This allows the PTB7 devices to work efficiently in slightly thicker junction devices (~ 
230 nm). Our results also demonstrate the performance benefit due to the suppressed non-
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Langevin bimolecular recombination rate in all our devices (~50 times in PTB7 blends and ~ 
25 times in PCDTBT blends) (see Supplementary Fig. 14 ). Therefore, improving the carrier 
mobility is not the only transport strategy to deliver higher overall organic solar cell PCEs. In 
summary, increasing the μs (βL/β)1/2 product allows: (a) the device to operate efficiently at a 
higher maximum power point Vmp (increasing the FF), because a lower effective voltage is 
sufficient to extract the carriers without significant recombination losses; (b) the short-circuit 
current density (JSC) to be increased if the system is limited by bimolecular recombination at 
the short-circuit condition; and (c) an increase of Voc via an  enhanced carrier concentration [41, 
166]. This means that thicker junctions can be used to improve the efficiency of light harvesting 
systems. 
 
Conclusion 
We have clarified that the conventional figure of merit (the µτ product or the drift distance LD) 
is not appropriate for a comparative analysis of charge transport losses in organic solar cells 
due to the photocarrier mobility and density dependent lifetime. It is argued that this is generally 
the case for a broad range of high performance light harvesting systems made of disordered low 
mobility and undoped materials. We found that the electrode charge density marks the onset of 
significant bimolecular recombination losses and therefore controls the critical photocarrier 
drift distance (LD ~ d). Based upon this physics we propose a new figure of merit for material 
and device characterization – the critical mobility-recombination-coefficient product μs 
(βL/β)1/2. This parameter allows to minimize photocarrier recombination losses and to maximize 
the photovoltaic performance of organic solar cells and photodetectors. We verify this analysis 
in our model systems and find that the PTB7:PC70BM blends are superior compared to 
PCDTBT:PC70BM blends from a charge transport perspective because of the higher hole 
mobility and stronger suppressed recombination. Our work establishes a set of design rules to 
allow thicker junctions in organic solar cells whilst maintaining a high fill factor and power 
conversion efficiency. This is advantageous from a manufacturing perspective and offers an 
approach to improve the light harvesting efficiency of photovoltaic and photodetecting devices 
fabricated from low mobility materials. 
 
Methods  
Device preparation: The substrates (PEDOT:PSS/ITO/glass) were prepared as described in 
[48] and the active layer (junction) solution of PTB7 (purchased from 1-Material, Mw = 97.5 
kDa, PDI = 2.1) and PC70BM (American Dye Source, Inc., Canada) was fabricated by using a 
1:1.5 blend ratio by weight in chlorobenzene (CB) with 3% 1,8-diiodoctane (DIO) by volume. 
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Solar cells with three different junction thicknesses were prepared by using a total concentration 
of 31 mg/cm3 for the 100 nm and 230 nm thick blends respectively, while a concentration of 45 
mg/cm3 was used to fabricate the 700 nm thick blend. The solutions were spun cast at 2200 
rpm, 400 rpm and 600 rpm for 120 s, respectively. The films were subsequently dried at 70 °C. 
The active layer solution of PCDTBT (SJPC, Canada, Mw = 122 200 g/mol, PDI=5.4 ) and 
PC70BM was prepared by using a 1:4 blend ratio by weight in 1,2-dichlorobenzene (DCB) 
following the procedure described in [167]. Solar cells with three active layer thicknesses, 75 
nm, 230 nm and 850 nm were fabricated by using a total concentration 25 mg/cm3 for the 100 
nm and 230 nm thick blends respectively, while a concentration of 40 mg/cm3 was used to 
fabricate the 850 nm thick film. The solutions were spun cast at 2000 rpm, 500 rpm and 500 
rpm for 90 s, respectively. The active layer thicknesses were measured with a DekTak 150 
profilometer. All devices were completed by vacuum evaporation of 1.2 nm of samarium 
followed by 75 nm of aluminum under a 10-6 mbar vacuum. The device area was 0.2 cm2 for 
JV, iPC and EQE measurements and 3.5 mm2 for RPV measurements, respectively. The laser 
beam was expanded to cover the whole electrode. Note, we found the RPV measurement results 
were independent of the area of the pixel. All device fabrication took place within a glove box 
with < 1ppm O2 and H2O and JV and EQE measurements were also performed inside a glove 
box. Subsequently the devices were encapsulated for the iPC measurements. 
 
Current density-voltage characteristics: JV curves were obtained in a 2-wire source sense 
configuration and an illumination mask was used to prevent photocurrent collection from 
outside of the active area. The presented PCEs correspond to average values of 6 pixels after 
several JV-measurements and represent the efficiencies of the devices directly before the iPC 
measurements were conducted. An Abet Class AAA solar simulator was used as the 
illumination source providing ~ 100 mW cm-2 of AM1.5G light. The exact illumination 
intensity was used for efficiency calculations and the simulator was calibrated with a standards 
traceable NREL photodiode.  
 
Light intensity dependent measurements: iPC measurements were performed with a 532 nm 
continuous wave laser (Ningbo Lasever Inc.) providing a power of 1 W. Optical filters 
(ThorLabs) were used to attenuate the laser power and the photocurrent transients were 
recorded with an Agilent semiconductor device analyser (B1500A). Each measured data point 
corresponded to a steady state photocurrent measurement of the OSC at the respective incident 
laser power, which was simultaneously measured with a Silicon photodetector to improve the 
accuracy of the measurement. The error bars in Figure 3 (c) were estimated from the spread of 
the EQE values at the 1 sun equivalent power and the uncertainty in the short-circuit current. 
The error analysis for the calculated ISCLC was conducted as follows: The circles in Figure 4 
represent the calculated ISCLC from the actual measured charge transport parameters on 
duplicate devices. In particular, the mean slower carrier transit time (Supplementary Figure 4) 
was used and the built-in voltage (UBI) approximated by Voc. The values of the ISCLC are 78.3 
mA, 4.4 mA, 0.17 mA for the 100 nm, 230 nm and the 700 nm thick PTB7:PC70BM junctions, 
and 15.1 mA, 0.34 mA, 0.01 mA for the 75 nm, 230 nm and the 850 nm thick 
PCDTBT:PC70BM junctions. For the upper error bar a 10% thicker active layer was assumed, 
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a 0.05V UBI higher than Voc, βL/β = βL/β + 5, and for ttrslower the lower limit of the dispersive 
slower carrier transit time range (Supplementary Figure 4) was taken. For the lower error bar a 
10% thinner active layer was assumed, Voc as the built-in voltage, βL/β = βL/β - 5 and the transit 
time of the slowest carriers in the device. Note, that the range of the error bar is mainly 
determined by the measured dispersive slower carrier mobility range, while the upper error bar 
represents a rather unrealistic case for the ISCLC, because that would imply that the fastest of the 
slower carriers determine the onset of the bimolecular recombination losses.  
 
Mobility, Recombination Coefficient, Trapping and dark-Celiv Measurements: RPV 
transients for mobility, βL/β and charge trapping measurements were recorded with an 
oscilloscope (LeCroy WaveRunner 6200A) with different external load resistances (RLoad), 
while a delay generator (Stanford Research Systems DG535) was used to trigger a function 
generator (Agilent 33250A) and a pulsed Nd:Yag laser (Brio Quantel) with a pulse length of 10 
ns.  An excitation wavelength of 532 nm was used to generate the charge carriers, while neutral 
optical density (OD) filters were used to attenuate the ~ 50 mJ energy output. The RPV 
transients were measured under various applied biases. Low laser pulse intensities (~ OD 7) 
were used for the RPV mobility measurements to avoid space charge effects [104]. In contrast 
a high laser intensity (OD 3.5) was used to measure the bimolecular recombination coefficient 
on the same films. Celiv transients were recorded in the dark with the same experimental setup. 
 
Numerical Simulations: The numerical simulations implement the key processes that occur in 
organic solar cells, such as carrier drift, diffusion, trapping, non-geminate recombination and 
space charge effects by taking into account the circuit resistance and the influence of the light 
absorption profile. Details of this model can be found in the Supplementary Information 
Methods 
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IV.2 Absence of First-Order Trap-Assisted Recombination  
In order to be able to distinguish non-geminate recombination of free charges and geminate 
recombination of bound states and selectively quantify them under operational conditions and 
relevant devices, we first investigate whether or not non-geminate bulk recombination (known 
to be a non-linear process) may exhibit a linear recombination order with respect to the light 
intensity. This would render this loss mechanism indistinguishable from geminate 
recombination. In particular, we studied the impact of trap-assisted (and equilibrium charge 
assisted) recombination on the quantum efficiency. This work demonstrates that the 
recombination of free charges with traps is bimolecular in nature and is as such distinct in an 
iPC experiment for typical organic solar cells. The results implicate that charge transport free 
of non-geminate recombination can be realized at sufficiently low light intensities and this 
enables us to decouple geminate (first order) and non-geminate (second order) losses. 
 
The supplementary information of this paper can be accessed online at 
(http://dx.doi.org/10.1021/acs.jpcc.5b09058). 
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Charge Transport without Recombination in Organic Solar Cells 
and Photodiodes 
 
Abstract 
Decoupling charge generation and extraction is critical to understanding loss mechanisms in 
polymer: fullerene organic solar cells and photodiodes, but has thus far proven to be a 
challenging task. Using steady state and time-resolved light intensity dependent photocurrent 
(iPC) measurements in combination with transient photovoltage, we estimate the total charge 
inside a typical device during steady state photoconduction, which is defined by the trapped, 
doping-induced and mobile charge populations. Our results show that non-geminate 
recombination of any order can be avoided as long as this charge is much less than capable of 
being stored on the electrodes – a criterion that is typically met in the linear iPC regime in 
donor:fullerene systems even with low, imbalanced mobilities. Knowing the conditions under 
which non-geminate recombination is essentially absent is an important device and materials 
design consideration. Our work also demonstrates that the technique of iPC is not only useful 
to assess the charge extraction efficiency, but can also be used to estimate the efficiency of free 
carrier generation in fully operational devices.   
 
 
 
Introduction 
The past decade has seen significant progress in improving the power conversion efficiencies 
of organic solar cells. This progress has been underpinned by the development of numerous 
donor and acceptor organic semiconductors, both polymeric and non-polymeric molecules 
[168]. The so-called thin film bulk heterojunction (BHJ) architecture has emerged as the 
preferred device platform, and blends of semiconducting donor polymers in combination with 
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fullerene acceptors are the main materials used in solution processed organic solar cells [169]. 
However, amongst the myriad of material systems and combinations reported in the literature, 
there are relatively few that yield truly high performance of order 10% in single junctions [26, 
170, 171]. There are many reasons for this relative scarcity of efficient systems, not least of 
which is an incomplete understanding of the fundamental processes which define charge 
generation and extraction – and in particular the underlying loss mechanisms [60, 107, 172]. 
Most previous studies in this regard have focused on either charge generation or transport, but 
rarely simultaneously and in devices under relevant operational conditions [90, 173, 174]. This 
limitation can be attributed to an absence of appropriate experimental techniques that can 
clearly disentangle the two phenomena.   
 
Charge generation is often studied using transient absorption spectroscopy (TAS) [174], 
transient microwave conductivity (TRMC) [69] or with the relatively new Time-Delayed 
Collection Field (TDCF) technique [90, 91]. TAS allows the assessment and quantification of 
the initial population of exciton and charge transfer states prior to recombination of free carriers 
and TRMC measures the product of the generation yield and the sum of the “local” charge 
carrier mobilities. TDCF essentially uses the (bias dependent) extracted charge after a short 
laser excitation as a measure of the charge generation yield by excluding non-geminate 
recombination. However, these techniques are typically not applied to operational solar cells 
and/or under relevant conditions. For example TAS requires often orders of magnitude higher 
illumination irradiances than delivered under 1 Sun conditions, TRMC is a very local probe of 
nm-scale generation and transport, and TDCF is a transient experiment that does not allow 
examination of steady-state charge carrier populations. That is not to say that these techniques 
have not delivered valuable insights, however one must always consider these results in the 
context of the experimental conditions under which they were obtained. 
 
Electro-optical measurements of the external and internal quantum efficiency (EQE / IQE) are 
used to quantify the combined efficiencies of carrier photogeneration and extraction [23, 35, 
109, 135]. However, charge generation and charge extraction losses cannot be differentiated 
through such an approach. There are several reasons for this, notably the impact of pseudo-first 
order non-geminate recombination (the process by which an electron and hole not originating 
from the same photoexcitation recombine) on the EQE. First order processes are often termed, 
sometimes incorrectly, monomolecular and are linearly dependent on the input light intensity. 
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Various studies have concluded that first order, non-geminate recombination strongly 
determines the overall solar cell performance in BHJ systems [40, 132, 160, 161], and 
substantial work has been conducted to identify the importance of trap states in the bulk and at 
the electrode contacts on the prevailing recombination order [33, 40]. Conversely, others have 
apparently demonstrated that bimolecular photocarrier recombination (which is non-linear with 
respect to the incident light intensity) is the efficiency limiting processs [93, 151, 156, 162, 
172]. The order and nature of the dominant recombination and its impact upon device 
performance is therefore a matter of active scientific interest. 
 
Recently, we employed steady-state intensity dependent photocurrent (iPC) measurements to 
quantify and understand the non-linear recombination losses in organic solar cells under 
relevant operational conditions [172]. In this current work, and motivated by the need to clarify 
the first order recombination losses, we study the linear iPC regime with similar steady state 
measurements in two donor:fullerene blend systems in a full BHJ architecture. Further, we 
extend the methodology by measuring the iPC in a time-resolved mode (similar to previous 
works [132, 175, 176, 177, 178]) in combination with transient photovoltage [54, 104]. In so 
doing, we are able to estimate the amount of charge present during steady state photoconduction 
at short-circuit conditions which allows us to arrive at consistent conclusions regarding the 
origin of non-geminate recombination. We find that if the amount of photogenerated charge is 
significantly less than that capable of being stored on the electrodes (where C is the capacitance 
and U the effective voltage which equals to the built-in voltage at short-circuit conditions) then 
the transport of already-dissociated charge carriers is apparently free of non-geminate 
recombination. This is even the case in situations where the hole mobility is low and the 
electron-hole mobilities are imbalanced, i.e., where we would normally expect significant hole 
trapping even at low light intensities. Understanding the conditions under which non-geminate 
recombination is minimised or even eliminated is the key to disentangle the charge generation 
and extraction efficiencies for solar cells under normal operating conditions.  
 
Results 
Device details and performance metrics: We studied two donor:acceptor blend systems 
namely: poly[N-9’’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-
benzothiadiazole)]:[6,6]-phenyl-C70-butyric acid methyl ester  (PCDTBT:PC70BM) [152]; and 
N1,N3,N5-tris(4-methoxyphenyl)-N1,N3,N5-triphenylbenzene-1,3,5-triamine (WJ1-
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04):PC70BM. WJ1-04 is a non-polymeric electron donor with the molecular structure, energy 
levels, solid state absorption, and preparation procedure provided in the Supplementary 
Information (SI, Figure S1 and Supplementary Note 1). PCDTBT:PC70BM blends have been 
extensively studied [54, 104, 107, 133, 175] and are known to deliver an IQE of close to 100% 
in optimized device structures using a 1:4 ratio of polymer to fullerene. This is despite the blend 
possessing electron and hole mobilities that are ~100 times imbalanced: ~2.5x10-3 cm2 V-1 s-1 
for electrons and ~2.5x10-5 cm2 V-1 s-1 for holes. The mobility values were determined using 
Resistance dependent Photovoltage (RPV) measurements (Figure S2a and Methods) for the 
BHJ structure following the previously described methodology [54, 104]. We note RPV 
mobilities have been successfully used to explain the charge collection efficiency of different 
polymer:fullerene cells with varying active layer thicknesses [172], and are similar to those 
reported using more conventional transport techniques [78, 107]. The optimal WJ1-
04:PC70BM blend (1:10 by weight) has a much lower hole mobility (6x10-7 cm2 V-1 s-1 also 
Figure S2b) than the PCDTBT  blend although the electron mobilities are similar and slightly 
lower than those reported for neat PC70BM diodes [104]. The WJ1-04:PC70BM blend 
represents an extreme example of mobility imbalance, which nevertheless delivers a significant 
photovoltaic response. Therefore, WJ1-04:PC70BM is an ideal system to study the impact of 
charge trapping (manifesting in a low effective mobility) on the non-geminate recombination 
mechanism. For both systems, the active layer thickness was optimized to deliver the highest 
power conversion efficiency (PCE), resulting in active layers of ~75 nm for PCDTBT:PC70BM 
and ~50 nm for WJ1-04:PC70BM. Nevertheless, the measured PCEs differ considerably: 
~4.50.1% for the PCDTBT:PC70BM and 0.80.1% for the WJ1-04:PC70BM devices. 
Average white light current density versus voltage (JV) characteristics obtained under standard 
AM 1.5G illumination for each donor:PC70BM blend are provided in Supplementary Figure 3 
and Supplementary Table 1. Although our devices were optimized by blend ratio and active 
layer thickness, we note that the methodologies and concepts that are introduced in this work 
are not limited in any way by the need for fully optimized devices. 
 
Non-geminate photocarrier recombination losses (steady state and time-resolved iPC) 
Figure 1 (a, b) illustrate the protocols used for the steady state and time-resolved iPC 
measurements (Optical Input and Electrical Output). Note, all experimental details are 
described in Methods. Figure 1a shows the temporal profile of the application of incident light 
from a laser or light emitting diode (LED) of different intensities. Figure 1b illustrates how the 
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short-circuit photocurrent changes upon application of the light from the steady state through 
to the transient decay as the light is turned off. The shaded area in the transient region represents 
the extracted charge (Qext) which is obtained by integrating the photocurrent decay as a function 
of time. We note that, our method to measure Qext is essentially identical to the technique known 
as “Charge Ectraction (CE)”, a well-known characterization tool to estimate the charge carrier 
density either at short-circuit conditions [132, 175, 176], or open circuit conditions [177, 178]. 
Figure 1c illustrates the results of such an experiment for an optimised PCDTBT:PC70BM 
device at short-circuit conditions. The steady state photocurrent as a function of incident light 
power is shown as a black dotted line (obtained from conventional steady state iPC with a laser 
source) and the estimated total charge present in the active layer (or junction) during steady 
state conditions (Q) is plotted with red data points. Q was obtained from the integrated 
photocurrent (Qext, refer to Methods for the differences between Q and Qext) using time-resolved 
iPC with an LED source and is normalized to CU, where U is the built-in voltage. The 
capacitance was determined using the dark-CELIV technique (Charge Extraction under 
Linearly Increasing Voltage – Figure S4) and the error bars are determined from the uncertainty 
in Q and CU in combination, as well as with the normal variance seen for multiple iPC 
measurements (see Methods). Equivalent measurements on WJ1-04:PC70BM solar cells are 
shown in Figure S5, and Figure S6 summarises the measured transients and the extracted 
charge as a function of time for the studied systems. We note in both cases that the steady state 
photocurrent was found to be linear as a function of light intensity up to approximately 1 Sun 
(indicated by arrows in Figure 1c and Figure S5). Q appears to follow a sublinear trend, which 
is however, affected by a relatively large measurement error. Note, a linear steady state 
photocurrent does not imply a linear Q since, for instance, trapped charge carriers may be 
present in steady-state conditions that do not contribute to the photocurrent. 
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Figure 1. Steady state and time-resolved photocurrent measurements. (a) Optical Input - 
Incident light with varying power is applied to the operational solar cell and then removed after 
some steady state period. (b) Electrical Output - The resultant steady state and transient 
photocurrent is measured as a function of incident light power. The extracted charge (Qext) is 
determined from the integrated decaying transient signal (shaded area). (c) Typical steady state 
photocurrent (black dotted line) and the actual amount of charge present in the junction (active 
layer) during steady state photoconduction (Q) normalized to the electrode charge (CU) (red 
dots) as a function of the incident light power. Q was estimated from Qext and can be further 
used to estimate the average lateral separation distance between the charges. 
 
As we have previously shown [172], the logarithmic scale of the conventional iPC plot of 
Figure 1c makes it difficult to analyse bimolecular recombination losses of small magnitude 
and makes the deviation from linearity hard to determine. Therefore, and in line with [172], we 
also present in Figure 2, the steady state iPC data from Figure 1c (Figure S5) replotted to 
represent the EQE (short circuit photocurrent divided by light power) as a function of input 
light power. The non-logarithmic EQE on the y-axis emphasizes the deviation from the linear 
iPC behaviour. Losses in the charge extraction efficiency due to bimolecular recombination can 
then be estimated from the deviation of the EQE at 1 Sun equivalent power [172], although 
other processes may also exhibit a non-linear recombination dynamic such as exciton-exciton 
annihilation or geminate recombination of CT states which could be affected by the 
reorganization of the electric field in the space charge limited current regime.  We note the 
following: i) there are minimal 1 Sun bimolecular recombination losses in the optimized 
PCDTBT:PC70BM system; ii) WJ1-04:PC70BM suffers from (not unexpectedly) relatively 
larger 1 Sun bimolecular recombination losses (~10% of the collection efficiency) despite the 
junction being extremely thin (~50 nm); and iii) first (or pseudo-first) order losses dominate at 
1 Sun for both systems (~25% and 78% of the EQE for PCDTBT:PC70BM and WJ1-
04:PC70BM, respectively). These first order losses include: wasted light, non-optimal exciton 
and charge-transfer state (CT) dissociation, minority surface recombination losses of 
photogenerated charges or CT states that diffuse into the “wrong” electrode [32, 33], and 
potentially first order non-geminate recombination. 
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Estimation of the total charge in the active layer during steady state photoconduction 
Extracted charge Qext measurements (as shown in Figure 1b) have been often used as tool for 
device performance analyisis [132, 175, 176, 177, 178]. However, there are a number of 
important experimental considerations, that must be accounted for in order to be able draw a 
correlation between Qext and the actual charge in the active layer (Q), namely: i) the extracted 
charge must become saturated as a function of time (right column Figure S6); ii) the charge 
accumulated on the electrodes during steady state illumination must be accounted for to 
calculate the extraction from the film Qext(film) (see Methods); iii) care must be exercised with 
respect to the oscilloscope sensitivity limit which can be checked by measuring the extracted 
charge as a function of measurement load resistance (Figure S7); iv) the non-uniformity of the 
carrier distribution profile must be considered. Briefly, numerical simulations show that 
Qext(film) underestimates Q by roughly a factor of 3 for the devices studied here (see Methods, 
Figure S8 and explanatory figure caption); v) the possible presence of doping-induced 
equilibrium charge carriers which significantly influence the electric field and charge carrier 
distribution inside the film (Figure S4 and attendant figure caption).; and vi) probably most 
importantly, long-lived, deeply trapped charges present in the film, i.e., those trapped and de-
trapped on timescales much longer than accessible by the extraction measurement (>50 ms in 
our case) will not be recorded within Qext.  
 
In our extracted charge calculations we carefully assessed and arranged the experimental details 
to account for considerations i) to v). In addition, to check for the presence of long-lived deeply 
trapped charges in our two blend systems, we employed the repetitive photovoltage technique 
([104], see Methods). In this experiment we recorded the photovoltage transient generated by a 
single laser pulse on the device previously kept in the dark (the “first transient” in Figure S9). 
Thereafter, we recorded the same transients after many laser pulses with a repetition rate of 20 
Hz (the “saturated transient” in Figure S9). The difference between the first and the saturated 
transient reveals if recombination losses are present due to these long-lived trapped charges 
(>50 ms). Identical first and saturated RPV transients were observed for both blends showing 
that charges that live longer than accessible by the Qext measurement do not cause 
recombination losses and those that may be present can thus be discounted in the analysis. The 
red dots in Figure 2a and b represent the calculated total charge in the junction (Q) normalized 
to CU. The errors bars were again determined as outlined in Methods from multiple 
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measurements, the uncertainty in CU, and the uncertainty of the correction factor that relates 
Qext(film) to Q. 
 
 
Figure 2. Results obtained using the steady state and time-resolved iPC approach outlined in 
Figure 1 for PCDTBT:PC70BM (a, c) and WJ1-04:PC70BM (b, d) blends. We plot the external 
quantum efficiency (EQE) as a function of the incident light power (black dots). (a) and (b) also 
present the total charge in the junction (active layer) normalized to the charge on the electrodes 
CU (red dots) as a function of input light intensity. (c) and (d) also show the average lateral 
spacing between charges (blue dots) calculated from the total charge in the junction. The 
equivalent 1 Sun intensities are marked by arrows and the Coulomb radius and junction (film) 
thicknesses are also noted. At the lowest accessible light intensities we observe in both blends 
an average lateral spacing between charges of ~1 μm. This indicates that free and shallow 
trapped carriers are extracted with a statistically negligible probability of meeting a non-
geminate carrier. Significant bimolecular (non-linear and non-geminate) recombination losses 
emerge at lateral charge-to-charge spacings approximately equal to the Coulomb radius for 
PCDTBT:PC70BM blends, and this also corresponds to ~1 CU of charge in the device. In the 
WJ01-04:PC70BM system these losses persist at slightly greater charge spacings and lower 
charge carrier densities compared to PCDTBT:PC70BM.  Note, the total charge does not 
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saturate to a constant value at low light powers. That indicates the absence of a significant 
amount of equilibrium carriers or trap states that are filled, independent on the light intensity 
– a requirement for pseudo-first order non-geminate recombination.  
 
Charge carrier spacing during steady state photoconduction 
From the above estimation of the total charge in the junction, the carrier density can also be 
determined and hence the average spacing between the carriers in the film at all measured 
incident light powers (assuming a uniform distribution of carriers in the bulk). To interpret the 
spacing between carriers, we visualize their trajectories as the volume swept by a sphere during 
extraction. Considering the huge electrode area (compared to the film thickness) the resultant 
tubes lie, on average, mostly perpendicular to the electrodes. Consequently, the vertical distance 
between charge carriers is of little importance when aiming to assess the likelihood of a non-
geminate recombination event. Therefore, we define the separation distance as the average 
lateral spacing between carriers, which was obtained by projecting all carriers onto the electrode 
area, assuming each carrier occupies a surface area of πr2. The 2 dimensional lateral separation 
distance is then determined by 2 times r as shown in Figure 2c and d for the PCDTBT:PC70BM 
and WJ1-04:PC70BM blends, respectively. At the lowest accessible light powers in our 
experiment, the average lateral spacing between the charges is ~1 μm, which is much larger 
than the film thickness. Hence, under these conditions and post CT state separation, 
photogenerated free and shallow trapped carriers should from the statistical perspective be 
transported to the electrodes with negligible probability of meeting a non-geminate charge of 
the opposite polarity. At increasing incident light powers and thus carrier densities, the average 
charge-to-charge lateral distance reduces to a value at which the force of Coulombic attraction 
becomes larger than the force that drives the charge carriers towards the electrodes (the external 
electric field). Statistically therefore, charges of opposite polarity have a higher recombination 
probability. For the PCDTBT:PC70BM system at separation distances of ~10–20 nm the EQE 
begins to decrease as bimolecular recombination losses become significant. This separation 
distance is similar to the Coulomb radius (~15 nm), which is the critical distance that charge 
carriers can approach each other with a low recombination probability in the absence of an 
external electric field [51]. For the WJ01-04:PC70BM blend the bimolecular recombination 
losses appear to emerge at an average lateral charge-to-charge spacing slightly greater than the 
Coulomb radius, which is, however, not further analysed due to the uncertainty in the 
measurement.  
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Figure 2a and b also reveal that the non-geminate recombination losses emerge when the 
charge in the active layer approaches the electrode charge CU. Therefore, in order to avoid non-
geminate recombination of any order in (near-to) Langevin systems, the amount of charge 
carriers in the film must be significantly below the CU value. As previously shown, that 
condition can be fulfilled by sufficiently high (slower carrier) mobilities [172], small amounts 
of trap states, and low doping-induced charge carrier densities. A reduced bimolecular 
recombination coefficient β (compared to the Langevin coefficient βL) allows, however, an 
increase in the critical carrier density beyond the CU charge [172]. Indeed we observe that the 
charge in the junction is slightly higher than the CU value in the PCDTBT:PC70BM system 
(Figure 2a) because of its non-Langevin-type behaviour (βL/β ~25) [172]. In contrast, drift-
diffusion simulations indicate that WJ1-04:PC70BM behaves (Figure S8) like a Langevin 
system with very imbalanced mobilities. The non-geminate recombination onset is predicted to 
occur in such a system at lower photogenerated charge concentrations of between ~1/10 to 1/2 
of CU.  
 
Estimation of the Generation Efficiency 
To summarise the discussion thus far, we demonstrate for the lowest experimentally accessible 
light intensities: (i) charge carriers that are extracted or detrapped on a timescale <50 ms (i.e., 
those accessible in our Qext experiment) are transported to the electrodes with negligible 
probability of meeting and recombining with a non-geminate charge of the opposite polarity; 
and (ii) charge carriers that are deeply trapped on longer timescales (>50 ms) do not cause 
recombination. This implies the absence of non-geminate recombination of any order at the 
lowest light intensities, or in other words the recombination rate is negligible compared to the 
extraction rate. This conclusion must remain equally valid as long as the iPC is linear (or the 
EQE constant). Although our experimental results do show that the transport of charges towards 
the extracting electrodes is essentially free of non-geminate recombination in the linear iPC 
regime, it is important to note that photogenerated charges as well as CT states and/or excitons 
may diffuse to the reverse electrode. The recombination of charges at the reverse electrode 
interface is also called minority surface recombination and is considered a first order 
recombination loss. Recent studies have shown its impact on the photovoltaic performance of 
devices with non-ideal electrodes [32, 33]. In general, choosing the correct contacts means back 
diffusion can be minimized. In this current work we use molybdenum oxide (MoO3) as hole 
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contact for WJ1-04:PC70BM devices, which blocks the extraction of electrons at the hole 
contact due to the large energetic barrier [32, 179]. For PCDTBT:PC70BM cells in the standard 
architecture employed here, a high electroluminescence intensity at a forward current density 
of 50 mA cm-2 has been found, which is a signature for selective contacts and low minority 
surface recombination [32]. Even if the loss due to reverse diffusion is significant its impact 
will be likely on the dissociation of CT states, which we define as Coulombically bound charges 
that originate from the same photoexcitation rather than free carriers (charge collection). The 
effect on free carriers is smaller because the reverse diffusion length of the charges is expected 
to be limited to a few nm [68, 180].  
 
Hence, if we consider back diffusion to be a minimal loss in the charge collection step, we can 
estimate the charge generation efficiency in fully operational devices under relevant operating 
conditions from our iPC data. By measuring the light absorption losses in operational devices 
upon spectroscopic reflectometry and simulating the parasitic absorptions in the non-active 
layers [36, 135], we determined the photocarrier generation efficiency to be approximately 91% 
(PCDTBT:PC70BM blend) and 53% (WJ1-04:PC70BM blend) at short-circuit conditions and 
an incident wavelength of 532 nm (Supplementary Figure 10). Figure 3 summarises the 
relevant loss pathways, including optical and parasitic losses (EQE divided by IQE), as well as 
generation and transport losses at a 1 sun equivalent power at short-circuit conditions for 
PCDTBT:PC70BM devices (Figure 3a) and WJ1-04:PC70BM device (Figure 3b) .  
 
Finally, as a further corroboration of our approach, we used transient absorption spectroscopy 
(TAS) to monitor the transient absorption (ΔOD) of photogenerated bound and free charge 
carriers following low-intensity laser excitation and the results are shown in Figure 3c. We 
found that the signals exhibit intensity-independent exponential decay dynamics, indicating 
first-order losses in the bound-charge (or CT) states [67]. After the exponential decay stops, the 
total dissociation yield of CT states can be estimated from the fraction of free charges remaining 
at longer times. Comparing the overall generation yield obtained from the iPC method with the 
CT dissociation yield from TAS we see good agreement (91% versus 86% for 
PCDTBT:PC70BM; and 53% versus 48% for WJ1-04:PC70BM, respectively). These results 
further support our fundamental assertion that the charge transport is free of non-geminate 
recombination in the linear iPC or constant IQE regime.  
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Figure 3. External Quantum efficiency (EQE, black dots) and Internal Quantum efficiency 
(IQE, red dots) as a function of the incident light power for PCDTBT:PC70BM (a) and WJ1-
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04:PC70BM (b) blends. The lost incoming photon energy is decoupled into optical losses (i.e., 
lost light absorption in the active layer plus parasitic light absorption in non-active layers), 
geminate recombination and non-geminate recombination (charge transport) losses at short-
circuit and 1 sun equivalent conditions for both blends. The remaining photon energy is 
converted into photocurrent. (c) Normalized transient absorption of the two blend systems at 
1000 nm, following excitation at 560 nm measured at a low laser fluence of 500 nJ cm-2. The 
experiment monitors the decay dynamics of ultrafast generated (<1 ps) charge transfer (i.e. 
bound) and free charges, which absorb at 1000 nm. The solid lines are exponential fits, 
indicating the geminate recombination of the bound states. The CT dissociation yield is given 
by the fraction of charge remaining at long times, and similar to the constant IQE value for 
both blends. This work demonstrates that (non-geminate) charge recombination is absent in the 
constant IQE regime and hence suggests that the charge generation yield can be estimated from 
the constant IQE value, which is further supported by the transient absorption data.  
 
Conclusion  
In summary, we have applied steady state and time-resolved intensity dependent photocurrent 
in combination with repetitive photovoltage to estimate the total charge inside an organic solar 
cell during steady state photoconduction. We have demonstrated that non-geminate 
recombination losses of any order are minimal in organic solar cells that are intrinsically 
undoped under operational conditions in a regime where the total photogenerated charge is 
significantly less than the charge stored on the electrodes (CU). This manifests as a linear 
intensity dependent photocurrent regime. The condition for remaining below the CU limit can 
be fulfilled by sufficiently high mobilities, small amounts of trap states and low doping-induced 
charge carrier densities. This work suggests that pseudo-first order non-geminate trap-assisted 
recombination does not limit the photovoltaic performance of organic solar cells. We believe 
that this finding should be generic for organic light harvesting systems since the absence of 
non-geminate recombination in the linear iPC regime is clear, even in blends with low carrier 
mobilities (~6x10-7 cm
2 V-1s-1), which is often a signature of significant trapping. Furthermore, 
this work shows that iPC is a suitable tool to disentangle the efficiencies for generation and 
extraction and in our case we have confirmed these findings using TAS as an independent 
measure at low light intensities. The ability to quantify both the generation efficiency and 
transport losses, and to understand the order of the dominant recombination mechanism is 
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important to systematically design organic solar cells and photodetectors with improved 
performance.  
 
Methods  
Device preparation: The substrates were cleaned by sonicating in sequence with Alconox, 
deionized water, acetone, and 2-propanol for 5 min, respectively.  Subsequently, 15 nm of 
MoO3 was deposited onto the cleaned indium tin oxide (ITO) substrates by thermal evaporation 
for the WJ104:PC70BM devices, while the substrates used for the PCDTBT:PC70BM devices 
were coated with 30 nm poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS; Baytron P VPAl4083).  The active layer (junction) solution of PCDTBT (SJPC, 
Canada, Mw = 122 200 g/mol, PDI=5.4) and PC70BM was prepared by using a 1:4 blend ratio 
by weight in 1,2-dichlorobenzene (DCB). This blend ratio has previously been determined to 
be optimum [133]. An active layer thickness of 75 nm was obtained by using a total 
concentration of 25 mg/cm3 and spin-coating at 2000 rpm for 90 s. PCDTBT:PC70BM solar 
cells operate most effectively for junction thicknesses <100 nm after which they suffer well 
documented losses of fill factor [133]. The active layer solution of WJ1-04:PC70BM was 
prepared by using an optimized blend ratio of 1:10 by weight in chloroform. The optimized 
active layer thickness of 50 nm was obtained using a WJ1-04:PC70BM concentration of 7.5 
mg/cm3 and spin-coating at 1000 rpm for 40 s. The active layer thicknesses were measured with 
a DekTak 150 profilometer. PCDTBT: PC70BM (WJ1-04:PC70BM) devices were completed 
by vacuum evaporation of 1.2 nm of samarium (15 nm of calcium) followed by 75 nm of 
aluminium under a 10-6 mbar vacuum. The device area was 0.2 cm2. All device fabrication took 
place within a glove box with < 1ppm O2 and H2O and JV and EQE measurements were also 
performed inside a glove box. Subsequently the devices were encapsulated for the JV, iPC, 
RPV and dark-CELIV measurements. 
 
Current density-voltage characteristics: JV curves were obtained in a 2-wire source-sense 
configuration and an illumination mask was used to prevent photocurrent collection from 
outside of the active area. The presented PCEs correspond to average values of 6 pixels after 
several JV-measurements and represent the efficiencies of the devices directly before the iPC 
measurements were conducted. An Abet Class AAA solar simulator was used as the 
illumination source providing ~100 mW cm-2 of AM1.5G light. The exact illumination intensity 
was used for efficiency calculations, and the simulator was calibrated with a standards traceable 
NREL photodiode.  
 
Light intensity dependent measurements: Steady state iPC measurements were performed 
with a 532 nm continuous wave laser (Ningbo Lasever Inc.) providing a power of 1 W. Optical 
filters (ThorLabs) were used to attenuate the laser power and the photocurrent transients were 
recorded with an Agilent semiconductor device analyser (B1500A). Each measured data point 
corresponded to a steady state photocurrent measurement at the respective incident laser power, 
which was simultaneously measured with a Silicon photodetector to improve the accuracy of 
the measurement.  
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Time resolved (transient) iPC measurements require a light source with a fast switch-on/off 
time which prevented the use of the laser. We chose instead a green light emitting diode (LED) 
(Epistar) with light emission from 520 to 530 nm and a switch on/off time <50 ns. The same 
optical filters (ThorLabs) were used to attenuate the light power and the transients were 
recorded with a Tektronix oscilloscope (DPO 7354C). Two types of Qext measurements were 
performed: (i) using a constant load resistance (RLoad) of 50 Ω to record the transients at different 
light intensities (top 4 panels Supplementary Figure 6), (ii) RLoad was varied from 50 to 50000 
Ω depending on the light power (bottom 4 panels Supplementary Figure 6). The latter 
experiment allows the measurement of lower extracted charge values, since a high RLoad allows 
for the amplification of the signal at low light powers. RLoad was subsequently reduced at higher 
incident powers such that the resulting photovoltage did not exceed 100 mV to ensure that 
conditions close to short-circuit were always maintained. Qext as measured at the load resistance 
constitutes both the charge that moves in the film (Qext(film)) and the charge that accumulated on 
the electrodes during steady state conditions. To obtain Qext(film) it is necessary to subtract the 
electrode charge from Qext. The electrode charge in the steady state conditions equals C times 
the sum of the voltage drop on the circuit resistance (Rcircuit) and the load resistance Uload (at 
steady state conditions). The extracted charge from the film is consequently Qext(film) = Qext - C 
(I RSeries + I RLoad), where I is the measured photocurrent at the load during steady state 
conditions. The values for the circuit resistance (originating mainly from the ITO electrode) 
were obtained from the extrapolated saturated photocurrents in the iPC measurements (~30 Ω 
for both studied systems). Next, the actual charge in the active layer Q is estimated from 
Qext(film): under operational conditions the charge density is non-uniform, with the highest 
densities nearest to the electrodes (Supplementary Figure 8d). Consequently, the average 
carrier will travel less than half the thickness of the film during the turn-off transient, and so 
Qext(film) as obtained from the integral of the transient decay will underestimate the true charge 
density that was originally present. To estimate the error introduced by these non-uniform 
charge densities, we applied numerical simulations (Supplementary Figure 8) and concluded 
that Qext(film) underestimates the charge present in the active layer by approximately a factor of 
3 for the devices studied here. This correction factor was applied in our analysis, however, it 
should be mentioned this factor is an estimation only. It will be sensitive to the nature of the 
semiconductor-metal interface, and we did not consider non-ideal interfaces in our simulations. 
The light power of the laser and the LED were calculated from the measured (average) EQE 
(Figure S10) at the emission maximum (which is at 532 nm for the laser and between 520 nm 
and 530 nm for the LED).  
 
The error bars in Figure 1 and Figure 2 were estimated from the spread of the data in multiple 
measurements as well as from the uncertainty in the extracted charge and the CU values from 
dark-CELIV measurements (see below). For the upper error bar a 5% lower C value than that 
obtained from the dark-CELIV measurements (Figure S4) and Voc was assumed for the built-
in-voltage U. For the lower error bar a 5% higher C value and a 10% higher built-in voltage 
than Voc were used. Moreover, we accounted for the uncertainty in the correction factor that 
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relates Qext(film) and Q. For the lower error bar a correction factor of 2.5 was used and for the 
upper error bar the factor was 3.5.  
 
Repetitive and Resistance dependent PhotoVoltage and dark-Celiv measurements: RPV 
transients for mobility and charge trapping measurements were recorded with an oscilloscope 
(LeCroy WaveRunner 6200A) with different external load resistances (RLoad), while a delay 
generator (Stanford Research Systems DG535) was used to trigger a function generator (Agilent 
33250A) and a pulsed Nd:Yag laser (Brio Quantel) with a pulse length of 10 ns.  An excitation 
wavelength of 532 nm was used to generate the charge carriers, while neutral optical density 
(OD) filters were used to attenuate the ~50 mJ energy output. The RPV transients were 
measured under various applied biases. Low laser pulse intensities (resulting in a photovoltage 
close to 100 mV at a load resistance of 1 MΩ) were used for the RPV mobility measurements 
to avoid space charge effects [104], while the absence of long-lived trap-induced recombination 
was checked at a load resistance of 1 MΩ and at different laser powers (from low powers 
resulting in a photovoltage of ~30 mV up to high powers that saturate the photovoltage). Dark-
CELIV measurements were recorded with the same experimental setup, without the use of a 
laser. A capacitance value of 10.45 nF was obtained for the PCDTBT:PC70BM and C = 15.1 
nF for the WJ1-04:PC70BM films. A summary of these measurement techniques and how they 
are used to estimate the mobility, trapping and the capacitance are provided in the SI within the 
figure captions of Figure S2, Figure S9 and Figure S4, respectively. 
 
Transient Absorption Spectroscopy (TAS) measurements: Femtosecond TAS was carried 
out using a commercially available transient absorption spectrometer, HELIOS (Ultrafast 
systems). Samples were excited with a pulse train generated by an optical parametric amplifier, 
TOPAS (Light conversion). Both, the spectrometer and the parametric amplifier were seeded 
with an 800 nm, <100 femtosecond pulses at 1 KHz generated by a Solstice Ti:Sapphire 
regenerative amplifier (Newport Ltd). Changes in the optical density of the films induced by 
the laser excitation were followed with a second broadband pulse (830–1450 nm) generated in 
a sapphire crystal. The HELIOS transient absorption spectrometer was used for recording the 
dynamics of the transient absorption spectra up to 2.7 ns with an average 200 fs instrument 
response function. Measurements were performed on the same devices as the rest of the study. 
Samples were excited at 560 nm, 500 nJ cm-2. The low fluence ensures absence of second order 
recombination processes. The decay dynamics were analysed at 1000 nm, corresponding to the 
polymer positive polaron (cation) absorption. Global analyses of the data were carried out using 
the data analysis package Igor. 
 
Numerical Simulations: The numerical simulations implement the key processes that occur in 
organic solar cells, such as carrier drift, diffusion, trapping, non-geminate recombination and 
space charge effects by taking into account the circuit resistance and the influence of the light 
absorption profile. Geminate recombination is not considered in the simulations. Details of this 
model can be found in the Supplementary Information Methods. 
 100 
 
Chapter V: Advances in 
Fundamental Understanding of 
Charge Generation  
The results described in the previous Chapter IV demonstrated that the charge transport issues 
are relatively small under short-circuit and 1-sun equivalent illumination for typical OSCs, and 
that these losses can be essentially avoided by adjusting the active layer thickness. Instead, 
photocurrent lossless at short-circuit conditions lie often in the charge generation quantum 
yield, and in particular in the dissociation of the CTS. Establishing design rules to precisely 
control the CTS dissociation can, therefore, not only increase the generation quantum yield of 
current light harvesting diodes, but could also enable a greater freedom to tune the blend band 
gap and the energy level offsets of the donor and acceptor components. Ultimately this could 
close the gap to inorganic solar cells.  
 
In this chapter results are described which extend our analysis using the iPC methodology in 
order to advance the understanding of charge generation and the CTS dissociation. In particular 
we focus on the relationship between the donor:acceptor percolation pathways, donor:acceptor 
blend ratio, charge carrier mobilities, electric field - and the impact of these variables on the 
exciton and charge transfer splitting efficiency. Moreover, we show how the interplay between 
CTS recombination and dissociation influences the overall recombination rate of free charges. 
This chapter consists of two published papers and one that is currently under review. 
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V.1 Recombination Losses at Operational Bias  
This section presents a detailed study of the electric-field dependence of charge generation.  
The results suggest that the geminate recombination is susceptible to changes in the driving 
electric field depending on the slower carrier of the system. In contrast to the common 
understanding, geminate recombination is a significant limiting factor of the photocurrent in 
forward bias, which negatively impacts the fill factor of organic photovoltaic diodes. The results 
also suggest that both the generation and the collection efficiency depend critically on the 
slower carrier mobility and, thus, indicate why it has been previously difficult to distinguish 
both losses in the power generating regime of organic solar cells.  
 
The manuscript incorporated below is currently under consideration in Advanced Energy 
Materials. The supplementary information of this paper can be accessed online at 
(https://www.dropbox.com/s/13k55gsglk16rov/Supplementary_Information_efied.docx?dl=0)
.  
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Electric-Field Dependent Geminate Recombination Losses in 
Organic Solar Cells via the Poole-Frenkel Effect 
 
Abstract 
Charge photogeneration in bulk-heterojunction organic solar cells (OSCs) involves charge-
transfer state (CTS) dissociation into free charges. The dependence of this process on electric 
field is complex due to the strong Coulomb-interaction of the charges within the CTS. We have 
studied the recombination dynamics in bulk-heterojunction OSCs with different hole mobilities 
from short-circuit to maximum power point. We show that in this regime, in contrast to previous 
studies, geminate recombination is at least as significant as bimolecular recombination of 
photo-generated charge carriers. We demonstrate that the geminate losses increase with 
decreasing slower carrier mobility, and attribute the field-assisted CTS dissociation to either 
mobilization of charges trapped at the donor:acceptor interface through the Poole-Frenkel 
effect, and a reduced Coulomb barrier for dissociation. The dependence of both charge 
extraction and generation on the slower carrier mobility explains why the field dependence of 
organic solar cell efficiencies have historically been attributed to charge-extraction losses. 
 
Introduction 
Bulk-heterojunction (BHJ) organic solar cells (OSCs) comprising blends of electron 
donating:accepting organic semiconductors continue to improve as a result of optimizations in 
molecular design, device engineering, and an increased understanding of how they work. A 
promising feature of BHJ solar cells is their high internal quantum efficiency (IQE) – the 
product of the charge generation (𝜂GEN) and collection (𝜂COLL) efficiency, which in the best 
systems, are close to 100% under short-circuit conditions [89, 129]. However, at the maximum 
power voltage (𝑉MP), OSCs often exhibit significant losses in the photocurrent, lowering the 
fill factor (FF) and the photovoltaic performance. Despite attempts to understand these losses 
under operational biasing, their origin remains unclear [181]. 
 
In addressing this critical question, it is important to distinguish the different processes that can 
lead to photocurrent losses in forward bias: the most fundamental distinction being whether the 
charge recombination is non-geminate or geminate. Recombination is non-geminate if the two 
charges in the encounter originated from different photoexcitations, and is the most common 
explanation for photocurrent losses under operational bias [91, 92, 162, 182, 183]. In forward 
bias, the driving field for extraction decreases, which leads to a build-up of electron (n) and 
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hole (p) density in the bulk of the heterojunction. Hence, the bimolecular recombination rate 
scales as R ~ np. As both n and p depend on the incident light intensity (𝐼), the recombination 
losses are non-linear with respect to 𝐼.  
 
That said, certain non-geminate recombination processes could conceivably lead to losses that 
are linear with I [40, 132, 160, 161]. In particular, the recombination of mobile carriers with 
trapped charges may be linear if one carrier type is trapped independent of the light intensity 
such that 𝑅~𝑁trap𝑝. Similarly, photogenerated charges can recombine with a large excess of 
injected charges from the electrodes [184], or equilibrium charges (due to unintentional 
doping). Finally, non-geminate recombination can occur not only within the bulk of the 
heterojunction, but also at the ‘wrong’ electrode due to diffusion [32, 33, 184].  The losses 
associated with these mechanisms increase with the applied voltage in forward bias; both 
because charge injection increases, and because charge diffusion becomes more dominant as 
the driving field diminishes. 
 
In contrast, geminate recombination occurs if the two charges originate from the same 
photoexcitation. In both geminate and non-geminate cases recombination occurs via a charge 
transfer state (CTS). The CTS consists of two separate charges, which can interact with a local 
or applied electric field (𝐸). The 𝐸-field dependence of the CTS dissociation rate constant 
𝑘d   ~ (1 + 𝐸 + 𝐸
2/3 + ⋯ ) is described in the Braun model [66]. However, assuming an 
initial charge separation of 1.5 nm [65], the Columbic field between charges forming the CTS 
is >10 stronger than a typical built-in electric field in a BHJ, which suggests the electric field 
should only have a small impact. This hypothesis is consistent with the majority of transient 
photocurrent measurements on efficient blends, and some absorption spectroscopy studies [89, 
92, 91, 94, 183]. Nevertheless, other studies have shown field dependent charge generation by 
measuring the CTS emission intensity, lifetime and transient absorption, or using steady-state 
photocurrent measurements [173, 185, 186, 187, 188], with the results often quantitatively 
explained with the Braun model. In addition to the field dependence of 𝑘d, the Braun model 
suggests that 𝑘d scales with the sum of the faster and slower carrier mobilities, 𝜇f + 𝜇s. Due to 
the electronically disordered nature of organic semiconductors, the mobility depends on 
temperature and often on the electric field, as shown by the Poole-Frenkel relation [77]. Thus, 
apart from the interaction of the field with the CTS dipole, the field-dependence of 𝑘d can also 
originate from a field-dependent mobility, i.e., 𝑘d ~ 𝜇(𝐸).   
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Motivated by these considerations, we investigate the photocurrent losses from short-circuit to 
𝑉MP, and in particular, the dependence of the recombination losses on the light-intensity, electric 
field, and mobility. We report on five organic semiconductor blends with very different hole 
mobilities, but similar electron mobilities. Light intensity-dependent photocurrent 
measurements show that for these materials combinations, the majority of the photocurrent 
losses from short-circuit to operational bias scale with the first-order of the light intensity. 
Furthermore, these first-order losses increase with decreasing slower-carrier mobility. Our 
experiments indicate that the first-order losses are, in this bias regime, less affected by non-
geminate recombination due to trapped, injected or equilibrium charges with pseudo-first-order 
dynamics, or non-geminate recombination at the electrodes. We attribute them to an electric-
field-dependent mobilization of trapped (slower) charges and/or a reduced Coulomb barrier for 
dissociation, which is counter to the conventional view that photocurrent losses are 
predominantly bimolecular. 
 
Results and Discussion  
Materials 
We studied bulk heterojunction OSCs fabricated from 5 different donor: acceptor blends. 
Figure 1 (a) shows the molecular structures and energy levels of each donor material with [6,6]-
phenyl-C70-butyric acid methyl ester (PC70BM) - the acceptor. The optimized blends for device 
performance have been previously reported and are: 
(i)  poly(2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2 ,5-di(thien-2-yl)thieno[3,2-
b]thiophene) (DPP-DTT):PC70BM [103, 189]. 
(ii)  poly[(4,8-bis{2-ethylhexyloxy}benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)(3-fluoro-2-{[2-
ethylhexyl]carbonyl}thieno[3,4-b]thiophenediyl)] (PTB7):PC70BM [131]. 
(iii) (poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-
benzothiadiazole) (PCDTBT):PC70BM [152]. 
(iv): N1,N1,N3,N3,N5,N5-hexakis(4-methoxyphenyl)benzene-1,3,5-triamine (WJ1-06):PC70BM 
[190, 191]. 
(v): N1,N3,N5-tris(4-methoxyphenyl)-N1,N3,N5-triphenylbenzene-1,3,5-triamine (WJ1-
04):PC70BM [192]. 
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Figure 1. (a) The chemical structures and energy levels of the materials that were studied in 
this work. Ionization potentials were measured by photoelectron spectroscopy in air, and the 
spectroscopically measured optical gaps were used to determine the electron affinities. (b) 
Normalized and averaged photocurrent density versus voltage characteristics measured under 
standard AM 1.5G illumination highlighting the large differences for each blend in the device 
forward bias fill factors. 
 
WJ1-04 and WJ1-06 are non-polymeric (‘small molecule’) organic semiconducting donors, 
which were synthesized in house [190, 191, 192]. WJ1-06 differs from WJ1-04 in terms of the 
number of alkoxy substituents on the surface phenyl rings. The active layer thickness of all of 
the BHJ OSCs was 100 nm, which is a typical thickness used for high efficiency thin-film 
OSCs. However, we note that the key findings of this work are largely independent of the 
chosen active layer thickness. The devices were fabricated in the conventional architecture (see 
Experimental Section). 
 
The material systems were chosen based on the large differences in their slower-carrier 
mobilities (ranging from ~1x10-3 cm2V-1s-1 to ~6x10-7 cm2V-1s-1 as measured by Resistance 
dependent Photovoltage). This delivers a large variation in the forward-bias photocurrent losses 
and FFs. Figure 1 (b) shows representative white-light current-voltage (J-V) performance 
curves obtained under standard AM 1.5G illumination. We note that multiple devices were 
fabricated and tested for each blend combination to confirm the reproducibility of the results. 
The J-V curves are normalized to their short-circuit current to highlight the differences in 
photocurrent losses in the power-generating regime of the cells. The original JV curves and the 
key photovoltaic parameters are provided in the Supplementary Information (S.I.), Figure S1 
and Table S1, respectively. 
 
Light-intensity dependence of photocurrent losses from short-circuit to the maximum-
power point  
In order to disentangle first-order and higher-order photocurrent losses under operational solar 
cell conditions, we performed intensity dependent photocurrent (IPC) measurements at an 
excitation wavelength of 532 nm. From the IPC measurements we calculated the EQE and 
examined it as a function of the photocurrent, which increases with the applied laser intensity. 
Details of this methodology are given in the literature [172, 192]. First, we measured IPC at 
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short-circuit (0 V) and then subsequently at the maximum power point under 1-sun equivalent 
conditions (𝑉MP applied). The results of these IPC measurements are presented for WJ1-
04:PC70BM in Figure 2 (a), while the results for the other blends are shown in Figure S2. 
Figure 2 (a) presents the EQE of WJ1-04:PC70BM device as a function of the photocurrent at 
0 V (black data points) and at 𝑉MP (red data points). The EQE was normalized to 100% at 0 V, 
which eliminates losses in the generation efficiency and the absorption efficiency at short-
circuit from the analysis. The following analysis is, however, not limited in any way by this 
normalization but does allow for direct and convenient comparison of first and second order 
losses. The 1-sun short-circuit current (𝐼SC) and maximum power point current (𝐼MP) are marked 
by circles. The plot shows that the WJ1-04:PC70BM blend is strongly limited by bimolecular 
recombination under 1-sun conditions, as seen by the decrease of the EQE at relatively low 
photocurrents < ~10-5 A) [172]. The reason for this behaviour is the relatively low slower carrier 
mobility in this blend (6x10-7 cm2V-1s-1), which creates a strong mobility imbalance, a build-up 
of slower carriers in the junction, and subsequent high encounter probability of non-geminate 
charge carriers [172].  
 
The EQE under forward bias has two characteristic features. First, we observe that the constant 
EQE value (prior to deviation) is less compared to the EQE at 0 V, which we define as a first-
order recombination loss (more clearly observable in the original IPC plot in Figure S3 (a). 
The magnitude of these first-order losses strongly depends on the effective driving voltage 𝑉 
(built-in minus the applied voltage, Figure S3 (b). Second, the deviation from constant EQE 
occurs at lower photocurrents, indicating increased bimolecular recombination losses. 
Qualitatively we can therefore say that both first and second order losses are increased under 
forward bias in this blend. In order to estimate the increased recombination at 𝑉MP, we 
normalized the EQE at 0 V to the EQE at 𝑉MP in the constant EQE regime, as illustrated by the 
blue dotted line in Figure 2 (a). This allows the first-order recombination losses to be calculated 
from the difference between the EQE value at 𝐼SC (black circle) and the normalized EQE
∗ at 𝐼SC 
(blue circles), i.e., EQE(𝐼SC) −  EQE
∗(𝐼SC). Similarly, the increased bimolecular recombination 
losses can be obtained from EQE∗(𝐼SC) − EQE(𝐼MP). 
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Figure 2. (a) Photocurrent dependent external quantum efficiencies (𝐸𝑄𝐸s) measured on the 
WJ1-04:PC70BM blend at 0 V applied (black data points) and the maximum power voltage 
(𝑉𝑀𝑃) (red data points). The 1-sun short-circuit current (𝐼𝑆𝐶) is marked by the black circle and 
the photocurrent at 𝑉𝑀𝑃 by the red circle (𝐼𝑀𝑃). The dotted blue line (denoted as 𝐸𝑄𝐸
∗) 
represents the 𝐸𝑄𝐸 at 0 V normalized (parallel shifted) to the EQE at 𝑉𝑀𝑃. This procedure 
allows estimaion of the first-order losses from 𝐸𝑄𝐸(𝐼𝑆𝐶) −  𝐸𝑄𝐸
∗(𝐼𝑆𝐶) and bimolecular 
recombination losses from 𝐸𝑄𝐸∗(𝐼𝑆𝐶) − 𝐸𝑄𝐸(𝐼𝑀𝑃). (b) The first-order and bimolecular 
recombination losses of the blends from short-circuit to 𝑉𝑀𝑃. The actual photocurrent losses at 
𝑉𝑀𝑃 can be obtained by multiplying the 𝐼𝑆𝐶  by the plotted first-order and bimolecular 
recombination losses. The error bars of the first-order losses were estimated from the standard 
deviations of the constant EQE regimes at 0 V and 𝑉𝑀𝑃, considering also an uncertainty of 40 
mV in the 𝑉𝑀𝑃 and expected shifts of the constant EQE values due to this uncertainty. The error 
bars of the bimolecular losses were estimated from the standard deviations of the EQEs at 0 V 
and 𝑉𝑀𝑃, including a 10% uncertainty in both 𝐼𝑆𝐶  and 𝐼𝑀𝑃.  
 
Figure 2 (b) summarises the increase in first-order and bimolecular recombination losses from 
short-circuit to 𝑉MP for each of the blends (again noting the EQE(𝐼SC) is normalized to 100%). 
The graph demonstrates that the increase in first-order losses are higher for each blend. In 
addition, it is interesting to note that the gap between the first-order and second-order 
recombination losses is larger in blends that are already strongly limited by bimolecular 
recombination at short-circuit (WJ1-06:PC70BM and more pronounced in WJ1-04:PC70BM). 
On the other hand, the DPP-DTT blend, which is not limited by bimolecular recombination at 
short-circuit nor at 𝑉MP, exhibits only small first-order recombination at 𝑉MP. OSCs that are at 
the boundary of being limited by bimolecular recombination at 1-sun under short-circuit 
conditions, such as PCDTBT:PC70BM and PTB7:PC70BM, exhibit similar losses in first-order 
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and bimolecular recombination, with the former being slightly higher (outside experimental 
error). We further confirmed this observation for the same blends with different active layer 
thicknesses (Figure S4).  While the generality of these observations, and the exact trends over 
the whole power generating regime cannot be simply implied, the important conclusion is that 
first-order recombination plays an important role for the 𝐽𝑉-curve, particularly at 𝑉MP in OSCs. 
 
Mobility dependence of the first-order photocurrent losses  
To elucidate the origin of the first-order losses, we compared the charge carrier mobilities with 
the first-order losses at a fixed reduction of the driving field. The charge transport parameters 
were studied using a transient photovoltage technique [54, 104]. The left column of Figure 3 
shows the transient photovoltage responses for each blend (see Figure 1) after a short (~5 ns) 
laser exaction at 532 nm at different load resistances. The technique allows visualization of the 
arrival of charge carriers at the electrodes after transiting the whole active layer thickness from 
the shoulders in the photovoltage transient signal. The data shows that the carrier arrival times, 
as marked by the arrows, differ by many orders of magnitude (i.e., 1x10-7s to 2x10-4s). 
Accordingly, the slower carrier mobility varies from ~1x10-3 cm2V-1s-1 in the DPP-
DTT:PC70BM blend to 6x10-7 cm2V-1s-1 in the WJ1-04:PC70BM blend. The other blends lie 
between these two limiting cases. In blends with significantly imbalanced mobilities (> ~10 
times imbalanced) the faster and slower carrier transit time can be identified unambiguously. 
The arrival of faster carriers can be observed from the first shoulder in the photovoltage signal. 
The faster carrier can be assigned to electrons in PCDTBT:PC70BM, WJ1-06:PC70BM and 
WJ1-04:PC70BM [104, 192]. In PTB7:PC70BM and DPP-DTT:PC70BM devices however, 
the electron and hole mobilities are superimposed. Nevertheless, it can be seen that the electron 
mobility is very similar in each blend (varying between 2x10-3 cm2V-1s-1 and 3x10-4 cm2V-1s-
1), in contrast to the hole mobility. 
 
The right column of Figure 3 presents EQEs as a function of the measured photocurrent for 
each blends at short-circuit (black data points) and under forward bias (blue data points). For a 
fair comparison between the blends with different built-in voltages (𝑈BI), the applied voltage 
was chosen to decrease the built-in field by roughly 3.5 times (the applied voltage varied 
between 480 mV to 550 mV, which is similar or slightly above the 𝑉MP of each device).  
 
 
 110 
 
 
 111 
 
Figure 3. (a, left column) Resistance dependent photovoltage (RPV) transient signals for each 
blend revealing the arrival of charge carriers at the device electrodes. The magnitude of the 
transients increase (progressive photovoltage traces) with the load resistance, which was 
varied from 1 Ω to 1 MΩ. The slower carrier mobility/transit time, as indicated by the red 
arrows, varies by four orders of magnitude from DPP-DTT:PC70BM (top) to WJ1-04:PC70BM 
(bottom). The faster carrier mobility (electrons), as observed from the first shoulder in the 
transient responses, is similar among all devices. The mobility values are specified in cm2V-1s-
1. (a, right column) The photocurrent dependent EQEs of the blends measured at short-circuit 
and in forward bias corresponding to a ~3.5 times reduction of the internal driving field. The 
first-order photocurrent losses in forward bias, are observed from the shift of the constant EQE 
value and are marked by the arrows. (b) The first-order losses in forward bias as a function of 
the slower carrier mobility in the blends. The losses decrease with increasing slower carrier 
mobility from 64% in films of WJ1-04:PC70BM to 4% in DPP-DTT:PC70BM, which suggests 
the importance of the slower carrier mobility on these losses. The x-error bars were estimated 
from the uncertainty of the carrier arrival times as observed in RPV (see Methods). The y-error 
bars of the first-order losses were estimated from the standard deviations of the constant EQE 
regimes at short-circuit and in forward bias, considering also an uncertainty of 40 mV in the 
𝑉𝑀𝑃 and expected shifts of the constant EQE values due to this uncertainty. 
 
This factor was chosen based on a trade-off between a large as possible reduction of the driving 
field, while maintaining a small injection current (the highest injection current was observed 
for the PTB7:PC70BM blend with ~8 µA, Figure S5). The first-order losses in forward bias 
are plotted in Figure 3 (b) as a function of the slower carrier mobility. The losses in forward 
bias increase from 4% in the DPP-DTT:PC70BM blend, which has the highest slower carrier 
mobility and highest FF (0.72), to 64% in WJ1-04:PC70BM films, which has the lowest slower 
carrier mobility and FF (of 0.3). Again, all other systems lie between these two extreme cases.  
 
Impact of non-geminate recombination on the first-order photocurrent losses  
The experimental results show the critical impact of the first-order photocurrent losses 
depending on the slower carrier mobility of the BHJ blend, while bimolecular recombination 
plays a minor role, at least between 0 V and 𝑉MP. Referring back to the Introduction, Street et 
al. [160] (and others [161]) have assigned the first-order photocurrent losses in forward bias to 
a non-geminate recombination process of free charges with (light-intensity independent) trap 
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states. In contrast, our results show that trapped charges are not present independent of the light-
intensity (Figure 6S). The effect of charge-carrier-trapping will be to lower the effective slower 
carrier mobility, which in turn leads to increased bimolecular recombination losses at lower 
photocurrents. This is clearly seen in Figure 3 (a) from the downward deviation of the EQE, 
which occurs when the bimolecular recombination rate becomes comparable to the extraction 
rate. As we have previously shown [172], this happens when the photocurrent reaches the space 
charge (and transport) limited photocurrent (𝐼SCLC), which is mainly defined by the active layer 
thickness, effective driving voltage and slower carrier mobility. This was also confirmed for 
the blends studied in this work (Figure S7).  
 
Similarly, Dibb et al. [184] pointed out that non-geminate recombination will exhibit first-order 
dynamics if the amount of injected charges greatly exceeds the amount of photogenerated 
charges. While this is correct in principal, we note that our previous study demonstrated that 
this first-order recombination rate will be negligible compared to the extraction rate as long as 
the amount of charges - which are present independent of the light-intensity - remains 
significantly below 1 CV (where 𝐶 is the device capacitance) [192]. Our experiments indicate 
that recombination induced by injected charges will be minor due to the fact that the injection 
current at 𝑉MP is roughly 2-3 orders of magnitude lower than the magnitude of the first-order 
photocurrent losses, and because of the opposite trend between the injection current and the 
first-order losses (Figure S5). Lastly, we note that the observed first-order losses are also 
independent of the excitation wavelength (Figure S8) and corresponding photocarrier 
generation profiles [193], which indicates that losses due to reverse diffusion of charges plays 
a minor role.  
 
Our observations lead us to conclude that the first-order recombination losses are mostly 
geminate in nature and originate from CTS-to-ground-state transitions. The electric-field 
dependence of the CTS separation can originate from two different mechanisms as discussed 
in the Introduction: i) either the field can affect the Coulomb barrier to dissociation (Braun 
model); or ii) it can perturb the mobility (Poole-Frenkel effect), which is itself important to 
dissociation. We will now briefly discuss these two effects.  
 
Electric-field dependent CTS dissociation via a lowered Coulomb barrier  
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If the Coulomb barrier is substantially lower than expected from the simple calculation 
presented in the Introduction, then the contribution of the internal electric field could make the 
decisive difference to a successful CTS dissociation event. Indeed, there are several processes 
that could lower the Coulomb barrier for dissociation, for example entropic effects [68, 98, 99, 
100]. However, the observed differences in the geminate recombination losses upon a constant 
reduction of the electric field (~3.5x), which also depend on the slower carrier mobility of the 
system, render this argument incomplete or questionable. 
 
Electric-field dependent CTS dissociation through the Poole-Frenkel effect  
As previously discussed, the Poole-Frenkel mechanism describes the electric-field dependence 
of the CTS-dissociation rate 𝑘d through the field dependence of the charge carrier mobility 
𝑘d ~ 𝜇(𝐸) [77]. The effective mobility increases with increasing electric field due to an 
activation of trapped charges. Thus, the primary role of the internal electric field could be to 
mobilize trapped charges, especially the slowest charge carriers; and enable them to leave the 
donor:acceptor interface. 
 
Figure 4. Slower carrier mobility vs. electric field as obtained from space charge limited 
current (SCLC) measurements for DPP-DTT:PC70BM, PCDTBT:PC70BM and WJ1-
04:PC70BM highlighting the stronger field dependence of low mobility blends. The grey area 
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corresponds to the mobility and field of the measurement conditions from Figure 3 (i.e., the 
short-circuit and forward bias conditions).  
 
To test the dependence of the mobility on the field, we performed additional one-carrier J-V 
measurements on the DTT:PC70BM, PCDTBT:PC70BM and WJ1-04:PC70BM blends to 
identify the electric field dependence of the slower carrier mobility (Figure S9), following to 
the methodology presented in reference [194]. The results confirm a stronger field dependence 
of the mobility in blends with low mobilities (WJ1-04:PC70BM and to a lesser extent, 
PCDTBT:PC70BM) due to significant charge carrier trapping. Therefore, the Poole-Frenkel 
assisted mechanism could also explain the larger field dependent geminate recombination 
losses in blends with low slower-carrier mobilities. This is also consistent with a previous study 
that demonstrated the importance of the ability of the slower carrier to escape the 
donor:acceptor interface for efficient CTS separation [194]. Lastly, we note that the SCLC 
electron mobility of the DPP-DTT:PC70BM blend is somewhat lower than that obtained from 
transient photovoltage measurements (Figure 3), which is likely due to injection barriers. 
 
Conclusion 
We have studied the electric field, light intensity and mobility dependence of the carrier 
recombination dynamics in BHJ OSCs from short-circuit to operational biasing conditions. We 
observe significant first-order photocurrent losses, which increase with applied forward bias. 
This leads to the conclusion that significant photocurrent losses at 𝑉MP do not originate from 
the competition between charge extraction and recombination of free charge carriers. Instead, 
substantial photocurrent losses at operational bias originate from an electric field dependent 
CTS dissociation mechanism. We further find that the CTS dissociation is more susceptible to 
the compensation of the built-in electric field in systems with low slower carrier mobilities, 
which contributes to the typically poor fill factor in such devices. Our results are consistent with 
an electric field assisted mobilization of interfacial trapped charges as described by the Poole-
Frenkel effect. The electric field enables the slowest, trapped charges to leave the 
donor:acceptor interface, which increases the likelihood of a successful dissociation event. The 
Poole-Frenkel assisted CTS dissociation mechanism is also consistent with SCLC 
measurements, which demonstrate a strong field dependent mobility in low mobility systems. 
Our results highlight that charge collection and generation are similar in the sense that both are 
limited by the slower carrier mobility. This could explain the difficulty in understanding the 
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losses associated with free carrier extraction and CTS dissociation in the power generating 
quadrant of the JV curve. Our results underline the importance of optimization of CTS 
dissociation via increasing the mobility of both charge carriers to maximize the generation yield 
and the fill factor in polymer:fullerene organic solar cells.  
 
Experimental Section  
Device preparation: Substrates with an ~80 nm indium tin oxide (ITO) layer (purchased from 
Kintec) were cleaned by sonicating in sequence with Alconox, deionized water, acetone, and 
2-propanol for 5 min, respectively.  Subsequently, the substrates were coated with 30 nm 
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS; Baytron P 
VPAl4083) for the DPP-DTT, PTB7 and PCDTBT composite devices, and with 15 nm thermal 
vacuum deposited MoO3 for the WJ1-04 and WJ1-06 composite devices. The PEDOT:PSS 
coated substrates were dried at 170 ºC for 10 minutes. 
DPP-DTT:PC70BM blends: Blend films of DPP-DTT (M̅w = 350 kDa and PDI = 2.8, 
synthesized as described in reference [103]) and PC70BM (American Dye Source, Inc., Canada, 
M̅w = 1032 g/mol) were prepared from a chloroform  solution using a total concentration of 24 
mg cm-3. The optimized blend ratio by weight of 1 to 3 was used.  
PTB7:PC70BM blends: Blends of PTB7 (1-Material, M̅w = 97.5 kDa, PDI = 2.1) and 
PC70BM were prepared from a 1,2-dichlorobenzene (DCB) with 3% 1,8-diodooctane solution 
using a total concentration of 31 mg cm-3. The optimized blend ratio by weight of 1 to 1.5 was 
used.  
PCDTBT:PC70BM blends: PCDTBT (SJPC, Canada, M̅w = 122.2 kDa, PDI = 5.4) and 
PC70BM active layer blends were prepared from a DCB solution using a total concentration of 
30 mg cm-3. The optimized blend ratio by weight of 1 to 4 was used.  
WJ1-06:PC70BM blends: WJ1-06 (M̅w = 760 g/mol) was synthesized in house following the 
procedure described in references [190, 191]. WJ1-06 was dissolved along with PC70BM in 
chloroform using a total concentration of 20 mg cm-3. An optimized blend ratio of 1:1 by weight 
was used.  
WJ1-04:PC70BM blends: WJ1-04 (M̅W = 670 g/mol) was synthesized in house as described 
in reference [192]. WJ1-04 was dissolved with PC70BM in chloroform using a total 
concentration of 20 mg cm-3. An optimized blend ratio of 1:10 by weight was used.  
In all cases, the solutions were spin-coated onto the substrates, with the spin speed varied to 
achieve a target active layer thickness of ~100 nm. The active layer thicknesses were measured 
with a DekTak 150 profilometer. The DPP-DTT, PTB7 and PCDTBT, and (WJ1-04 and WJ1-
06) composite devices were completed by vacuum evaporation of 1.2 nm of samarium (15 nm 
of calcium) followed by 75 nm of aluminium under a 10-6 mbar vacuum. The device area was 
0.2 cm2. All device fabrication took place within a glove box with <1ppm O2 and H2O and J-V 
and EQE measurements were also performed inside a glove box. Subsequently the devices were 
encapsulated for the IPC and RPV measurements. 
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Current density-voltage characteristics: J-V curves were obtained in a 2-wire source-sense 
configuration and an illumination mask was used to prevent photocurrent collection from 
outside of the active area. An Abet Class AAA solar simulator was used as the illumination 
source providing ~100 mW cm-2 of AM1.5G light. The exact illumination intensity was used 
for efficiency calculations, and the simulator was calibrated with a standards traceable NREL 
photodiode. The AM1.5G short-circuit current of devices, which were not limited by 
bimolecular recombination under 1-sun equivalent conditions, matched the integrated product 
of the EQE spectrum (as measured using a PV Measurements Inc. QEX7 system) as a further 
check of our characterisation. 
 
Light intensity dependent measurements: Steady-state intensity dependent photocurrent 
measurements were obtained with a 532 nm continuous wave laser (Ningbo Lasever Inc.) 
providing a power of 1 W. Optical filters (ThorLabs) were used to attenuate the laser power 
and the photocurrent transients were recorded with an Agilent semiconductor device analyzer 
(B1500A). The IPC responses in forward bias were corrected by subtracting the dark (injection) 
current. Each measured data point corresponded to a steady-state photocurrent measurement at 
the respective incident laser power, which was simultaneously measured with a Silicon 
photodetector to improve the accuracy of the measurement. The EQE was obtained from the 
ratio of the photocurrent and the laser power.  
 
Transient PhotoVoltage: Photovoltage transients for mobility measurements were recorded 
with an oscilloscope (LeCroy WaveRunner 6200A) at different external load resistances (RLoad) 
ranging from 1 Ω to 1 MΩ. A pulsed Nd:Yag laser (Brio Quantel) with a pulse length of 5 ns 
and excitation wavelength of 532 nm was used to generate the charge carriers, while neutral 
optical density (OD) filters were used to attenuate the ~50 mJ energy output. Low laser pulse 
intensities (resulting in a photovoltage close to 100 mV at an RLoad of 1 MΩ ) were applied to 
avoid space charge effects and to maintain quasi short-circuit conditions during extraction 
[104]. RLoad was varied in order to check the saturation of the maximum photovoltage with 
increasing load resistance [104]. All transients exhibit a saturated maximum photovoltage at 1 
MΩ, which is a requirement to correctly estimate the mobility. The error bars in the mobility 
values as measured by RPV indicate the uncertainty of the carrier transit times. The uncertainty 
of the transit time was approximated from the range over which the photovoltage signals deviate 
and saturate to tangents fitted to the rise and plateau regions of the photovoltage transients. 
 
Space Charge Limited Current: SCLC measurements on WJ1-04:PC70BM and 
PCDTBT:PC70BM were performed using a hole-only architecture with ITO/MoO3 as the 
anode electrode and MoO3/Silver as the top cathode. SCLC measurements on DPP-DTT were 
performed using an electron-only device structure, using ITO/Al as the anode and Al as the 
cathode. The active layer thicknesses were chosen around 250 nm. 
 
Photoelectron Spectroscopy in Air: PESA measurements were performed using a Riken 
Kekei AC-2 spectrometer. For all samples a power intensity of 5 nW was used. The data were 
fitted as the square root of the electron count versus energy.  
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V.2 Slower Carriers Limit Charge Generation Yield 
This section describes a further investigation of the mobility dependence of the CTS 
dissociation yield within the framework of the Onsager-Braun model in devices with varying 
donor:acceptor blend ratios and electron and hole mobilities. The results show that the CTS 
separation dynamics is strongly dependent on the ability of the slower charge carrier to leave 
the donor:acceptor interface. The results suggest that only the joint separation of electron and 
holes will lead to a successful CTS dissociation in current organic solar cells, and underline the 
importance of a high carrier mobility to achieve a high generation yield.  
 
The supplementary information of this paper can be accessed online at 
(http://www.nature.com/ncomms/2016/160621/ncomms11944/full/ncomms11944.html). 
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Slower carriers limit charge generation in organic semiconductor 
light harvesting systems 
 
Abstract 
Blends of electron donating and accepting organic semiconductors are widely used as 
photoactive materials in next generation solar cells and photodetectors. The yield of free 
charges in these systems is often determined by the separation of interfacial electron-hole pairs, 
which is expected to depend on the ability of the faster carrier to escape the Coulomb potential. 
Here we show, by measuring geminate and non-geminate losses and key transport parameters 
in a series of bulk-heterojunction solar cells, that the charge-generation yield increases with 
increasing slower carrier mobility. This is in direct contrast with the well-established Braun 
model where the dissociation rate is proportional to the mobility sum, and recent models that 
underscore the importance of fullerene aggregation for coherent electron propagation. The 
behavior is attributed to the restriction of opposite charges to different phases, and to an entropic 
contribution that favors the joint separation of both charge carriers.  
 
 
Introduction 
Charge generation in electron donor:acceptor blends of excitonic organic semiconductors is 
complex and still not fully understood [19, 195]. The blends form molecular heterojunctions, 
and the so-called bulk-heterojunction (BHJ) where the organic semiconductors form nanoscale 
interconnected neat and mixed phases [196], is the preferred and dominant architecture in 
organic solar cells and photodiodes. Although a complete understanding of the critical 
mechanisms and pathways from the photoexcitation to free charges remains elusive, an 
increasing body of evidence suggests that it is the dissociation of charge-transfer (CT) states 
that defines the generation efficiency and overall performance of organic solar cells [89, 90, 95, 
197, 198]. In order to establish strategies to optimize the dissociation of CT-states it is of 
particular importance to understand how the carrier mobilities affect the separation dynamics.   
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Braun’s model [66], based on Onsager’s theory of ionic dissociation [42], describes charge 
generation in donor:acceptor solids as depending on the kinetic competition between the 
dissociation (𝑘d) and recombination (𝑘f) rates of charge-transfer (CT) states. The recombination 
from the charge-separated (CS) state back to the CT-state with rate 𝑘r is assumed to be 
described by Langevin theory [43, 51], which, in a single material phase, predicts that 𝑘r should 
be proportional to the sum 𝜇e + 𝜇h of electron and hole mobilities because both carriers drift 
toward each other due to their electric fields. Another key assumption of the Braun model is 
that dissociation and recombination are related by detailed balance. Since detailed balance 
requires that the ratio 𝑘d/𝑘r equals the equilibrium constant 𝐾 for charge separation, Braun 
concluded that 𝑘d must also be proportional to 𝜇e + 𝜇h. If the charge carriers can move away 
from the interface as quickly as they can return, 𝑘d and the (geminate) 𝑘r depend, in the same 
way, on the kinetic parameters. The situation is more complicated in a BHJ. Since 
recombination in a BHJ occurs at the donor:acceptor interface, the faster carrier (f) has to wait 
at the interface for the slower carrier (s) before recombination is possible. As a result, Blom and 
Koster proposed that the arrival of the slower carrier should be the recombination rate-limiting 
step, giving 𝑘r ∝ 𝜇s, the mobility of the slower carriers [58, 199, 200]. Following Braun’s thesis 
that dissociation and recombination are opposite processes, this reasoning would suggest that 
CT-state dissociation yield in BHJs should also depend on the slower-carrier mobility. 
However, Blom and Koster’s premise does not consider the influence of the domain size on the 
recombination rate, and this has been investigated recently by Heiber et al. [59] who showed 
that the Langevin and Blom-Koster rates are relevant in the limits of very small and very large 
domains, respectively. Despite the importance of these kinetic considerations on the charge 
carrier separation, most studies have focused on the impact of the donor and acceptor energy 
levels [23, 64, 201] and nanoscale morphology [60, 202, 203, 204, 205, 206]. For example, 
Gélinas et al. [60] have shown that a high fullerene loading is crucial for fullerene aggregation, 
which assists ultrafast charge separation by enabling electron delocalization. Fullerenes are the 
dominant n-type organic semiconductor and present particularly intriguing challenges in 
understanding their basic physics because of their size and symmetry. Gélinas et al. [60] 
concluded—as have others [95, 96, 97]—that the faster electrons determine the charge 
generation yield, arguing that they can escape via delocalization, leaving the slower hole 
unbound and free to diffuse away at its own pace. This prediction is consistent with Braun’s 
assertion of 𝑘d determined by 𝜇f + 𝜇s, provided that 𝜇f ≫ 𝜇s, as is often the case. 
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Here, we experimentally explore the correlation between the generation yield of free charges 
and their mobilities, similar to a previous study [207], and thereby test Braun’s model in BHJ 
solar cells with varying blend compositions. We do so by decoupling geminate and non-
geminate recombination using recently introduced experimental methods applied to operational 
devices [104, 172, 192]. Our results show that the dissociation efficiency of CT-states is not 
dependent on 𝜇e + 𝜇h, as predicted by Braun’s theory, but is instead governed by the slower 
carriers, whether they are the electrons or the holes. We describe the local dynamics of 
separating CT-states by taking into account the interface that breaks the translational symmetry, 
changes in the donor:acceptor domain size, and entropic effects that favor the movement of 
both carriers away from the interface, and not just the escape of the faster carrier. 
 
Results 
Studied Systems 
We studied two archetypal BHJ organic solar cells using a polymeric donor with a fullerene 
acceptor, [(poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-
benzothiadiazole)]:[6,6]-phenyl-C70-butyric acid methyl ester (PCDTBT:PC70BM) [152] and 
poly[(4,8-bis{2-ethylhexyloxy}benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)(3-fluoro-2-{[2-
ethylhexyl]carbonyl}thieno[3,4-b]thiophenediyl)] (PTB7):PC70BM [131]. The solar cell 
fabrication details are provided in Methods. The results for PCDTBT:PC70BM are shown 
below. For PCDTBT:PC70BM blends we varied the composition ratio from 0.1 wt% to 95 wt% 
PCDTBT in PC70BM and for PTB7:PC70BM blends we used 10 wt% to 95 wt% PTB7 in 
PC70BM. Varying the blend ratio allows one to tune the efficiencies of charge generation and 
collection in a systematic way. Average current density versus voltage (𝐽𝑉) scans were obtained 
under standard AM 1.5G illumination and are provided in Supplementary Figures 1 and 2 and 
Supplementary Tables 1 and 2 for PCDTBT:PC70BM and PTB7:PC70BM blends, 
respectively. As the composition ratio varies, the power conversion efficiency (PCE) is 
predominantly determined by differences in the short-circuit current density (𝐽SC). 
 
Photogeneration Yields of all Blend Compositions 
To study the relation between charge generation and the carrier mobilities we performed 
intensity dependent internal quantum efficiency (IQE) measurements. In Figure 1 (a) we plot 
the IQE as calculated from the intensity-dependent photocurrent (iPC) (Supplementary 
Figure 3) and the actual photojunction absorptions in operational devices (Supplementary 
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Figure 4) versus the photocurrent at an excitation wavelength of 532 nm. The results for 
PTB7:PC70BM are shown in Supplementary Figure 5. These measurements have allowed us 
to quantify the combined efficiencies of carrier photogeneration and extraction and to decouple 
first- and higher-order photocurrent losses with respect to the incident light intensity. By 
increasing the light intensity, the photocurrent can reach the slower-carrier space-charge-
limited photocurrent (𝐼SCLC), where bimolecular (non-geminate) recombination of oppositely 
charged carriers starts to strongly influence the charge extraction efficiency [172]. This is seen 
as an IQE that decreases at higher light intensities (or photocurrents). We note that the 
recombination of free charges with trapped charge is bimolecular in nature and is thus distinct 
in the iPC measurements [192]. Moreover, the equilibrium charge-carrier density is low in all 
studied devices (much less than 𝐶𝑈BI, where 𝐶 is the device capacitace and 𝑈BI the built-in 
voltage), preventing significant pseudo-first-order recombination between free and equilibrium 
carriers. Therefore, charge extraction free of non-geminate losses in the bulk can be realized if 
the light intensity is sufficiently low to guarantee a photocurrent lower than the 𝐼SCLC. If 
geminate recombination losses of free carriers or losses due to back diffusion into the reverse 
electrode [32, 33] are considered to be minimal, then the charge generation can be readily 
quantified from the constant IQE value [192].  
 
To corroborate the electrical measurements of the charge generation efficiency, we employed 
transient absorption spectroscopy (TAS) to monitor the populations of photogenerated bound 
and free charge carriers following low-intensity laser excitation, as shown in Figure 1 (b). At 
low intensities, the signals exhibit intensity-independent exponential decay dynamics, 
indicating first-order losses in the bound-charge states, which is consistent with a previous 
report [67]. The dissociation yield of the CT-states is obtained from the fraction of free charges 
remaining at long times (see Methods and Supplementary Figure 6 for further details). The 
estimated photocarrier generation yields from iPC are in good agreement with the CT 
dissociation yields from TAS as shown in Figure 1 (c). Furthermore, all the blends studied by 
TAS showed similar spectra but very short exciton lifetimes compared to neat PCDTBT, 
suggesting efficient exciton dissociation (see Supplementary Table 3). Therefore, the 
geminate recombination losses obtained by iPC can be largely attributed to CT-state 
recombination losses [155], as opposed to exciton losses. In line with previous studies [129] 
and our JV measurements, we observe that geminate recombination losses are minimized at a 
polymer loading of 20 wt%. 
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Figure 1. Charge generation yields from intensity dependent photocurrent (iPC) and 
transient absorption spectroscopy (TAS). (a) Internal quantum efficiencies (IQEs) as a 
function of the photocurrent of PCDTBT:PC70BM devices with different donor fractions (wt%, 
marked by the numbers). The constant IQE at low photocurrents (as marked by the dahed lines) 
before non-geminate recombination causes the downward deviation is an estimate of  the 
charge generation yield. (b) Normalized transient absorption spectra of the blends monitoring 
the polymer’s cations, following excitation at 560 nm at a fluence of 500 nJ cm-2. Solid lines 
are exponential fits, indicating a geminate decay of bound and free charges which absorb at 
1000 nm. The dissociation yield of the CT-states is given by the fraction of charges remaining 
at long times (as marked by the arrows). (c) The generation efficiency of free charges 
determined from (a) and (b) as a function of the donor fraction. iPC error bars are determined 
from the first standard deviation (s.d.) of the constant IQE regime considering 2 measurements 
on different pixels and a relative variation of 5% of the active layer absorption. TAS error bars 
represent the first s.d. of the plateau regime of the transient absorption signals.  
 
 
Carrier Mobilities of all Blend Compositions 
To correlate the generation efficiency with charge-carrier mobilities, we determined the 
mobilities using two independent methods: first, Resistance-dependent photovoltage (RPV), 
which allows direct monitoring of the arrival of extracted charge on the device electrodes [104] 
(see Methods, Supplementary Figures 7 and 8); and second, iPC to estimate the charge-
extraction-limiting slower-carrier mobility. Figure 1 (a) shows that ISCLC varies from 10
-8 A to 
almost 10-2 A in the 95 wt% and the 20 wt% PCDTBT blends, respectively. The ISCLC is 
proportional to the product of the slower carrier mobility and the square root of the reduction 
factor of the Langevin recombination coefficient (𝜇s  𝛾
1/2 ) [172]. RPV measurements at high 
laser intensities [49] reveal Langevin recombination in blends with imbalanced donor:acceptor 
concentrations (𝛾 ~ 1) and non-Langevin recombination in efficient blends (𝛾 ~ 25 to 33, 
Supplementary Figure 9). Figure 2 shows good agreement between the mobilities obtained 
by the two techniques. Increasing the donor content from 0.1% to 20% considerably increases 
the slower carrier (hole) mobility, where we also observe a peak in the charge collection 
efficiency (Supplementary Figure 10). Further increasing the donor fraction, decreases the 
electron mobility and electrons become the slower carriers, similar to previous findings [107]. 
Therefore, we observe a switch between electrons and holes as the slower carrier between 20 
wt% to 50 wt% of donor polymer. Across all blend ratios, the slower carrier mobility changes 
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by more than five orders of magnitude from approximately 1·10-10 cm2 V-1 s-1 to approximately 
3·10-5 cm2 V-1 s-1 in the 95 wt% and the 20 wt% donor devices, respectively. In contrast, the 
faster-carrier mobility is relatively constant (around 1·10-4 cm2 V-1 s-1 to 2·10-3 cm2) and 
controlled by the majority phase, that is PCDTBT (PC70BM) for high (low) donor blends, 
respectively.  
 
 
Figure 2. Carrier mobilities and photogeneration yields of PCDTBT:PC70BM blends. (a) 
Electron/hole mobilities for different donor (PCDTBT) fractions as obtained from two different 
techniques; resistance dependent photovoltage (RPV) and intensity dependent photocurrent 
(iPC). Low-donor blends exhibit high electron and low hole mobilities, while low-acceptor 
blends exhibit high hole and low electron mobilities. Error bars are determined from the 
uncertainty in the carrier arrival at the electrodes (see Methods). (b) The slower carrier 
mobility and generation yield follow a similar trend as function of the blend ratio composition.  
 
Figure 2 also shows that the slower carrier mobility and the generation efficiency follow a 
similar trend as a function of the blend ratio composition, which indicates that the generation 
efficiency does not depend on the faster carrier as predicted by Braun’s theory. The results for 
PTB7:PC70BM are shown in Supplementary Figure 11 and confirm this critical observation.  
 
Discussion 
These experimental results indicate an important and counter-conventional view: slower 
carriers—and not the faster ones—play the decisive role in the dissociation of CT-states. To 
gain further insights into the underlying mechanism we plot in Figure 3 (a) the measured 
generation efficiencies against the slower carrier mobilities and compare the observed trend 
with the CT-state dissociation efficiency from Braun’s model (dashed line) 𝜂CT =
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𝑘d (𝑘d + 𝑘f⁄ ), but where the dissociation rate 𝑘d is assumed proportional to 𝜇s, and not 𝜇f +
𝜇s. The CT-state decay rate 𝑘f is fitted to the data assuming it to be independent of the charge 
carrier mobilities [66], which is also consistent with the roughly constant decay times observed 
in the TA signals shown in Figure 1 (b). The match highlights the dominant role of the slower 
carriers on the dissociation of CT-states. We now examine the potential physical mechanisms 
underlying this important correspondence.  
 
Higher mobility allows the slower carrier to leave the interface and escape recombination: 
We consider a system with very imbalanced charge transport where the electron and hole are 
also separated by an interface between different domains, as illustrated in Figure 3 (b, c). 
Because the faster carrier can escape but also return to the interface substantially quicker than 
the slower carrier, the motion of the slower carrier cannot be neglected. If the slower carrier is 
so slow as to be effectively immobile, it remains at the interface and is liable to recombine with 
the faster carrier in Figure 3 (c), whose random walk will be biased towards the slower carrier 
by their Coulomb attraction. In contrast, if the slower carrier is mobile, it will be able to leave 
the interface, even if only by a few hops (Figure 3 (b)). Doing so can temporarily protect the 
CT-state from recombination because the faster carrier cannot enter the slower-carrier phase. 
This increases the likelihood of escape for the faster carrier. It is important to note that the faster 
carrier can still escape even if the slower carrier is immobile. Pure faster-carrier escape can 
explain why the generation does not decrease to zero at very low slower-carrier mobilities, but 
reaches a plateau of 5% in PCDTBT:PC70BM (Figure 3 (a)) and 14% in PTB7:PC70BM 
blends (Supplementary Figure 11 (b)). We note, that the local mobility in a nm regime 
(roughly 5-10 nm, which is relevant for CT-state separation) might differ from the measured 
bulk mobility, however, if both mobilities scale in the same way with the blend ratio 
composition, this mechanism offers a possible explanation of our experimental results. 
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Figure 3. Slower carriers limit charge transfer state splitting and plausible explanations. (a) 
Generation yields versus slower carrier mobility - either holes or electrons depending on the 
donor content (as marked by the numbers). The dashed line is the prediction of Braun’s theory 
assuming an offset in the generation yield at low mobilities and that the CT-state dissociation 
rate is determined by the slower carrier mobility and NOT the sum of both mobilities. The x-
error is the range of the slower carrier mobility as obtained from two independent techniques, 
and the y-error bar is the first s.d. of the constant internal quantum efficiency regime (as 
described in Figure 1). (b, c) Increasing the mobility of the slower carrier (orange dot in the 
dilute phase) enables it to leave the interface, which temporally protects the CT-state from 
recombination and allows the faster carrier (blue dot in the majority phase) to escape. (d, e) 
Larger domains of the dilute phase allow the slower carriers to travel further away from the 
interface also protecting the CT-state from recombination. (f, g) The entropic contribution to 
dissociation is maximized in systems where both carriers are mobile because the density of 
states of two separated charges is vastly larger than the density of states where only one charge 
is mobile. 
 
Larger domains allow the slower carrier to leave the interface - protecting the CT from 
recombination: As the fraction of the dilute phase is increased, its domains grow. Larger 
domains will decrease the recombination rate and thereby increase the dissociation probability 
of CT-states as shown in [206] and illustrated in Figure 3 (d). Using Monte Carlo simulations 
[59], it has recently been shown that in the limiting case of very small domain sizes, the 
recombination rate will be dependent on the faster carrier (Langevin, Figure 3 (e)), while the 
Blom-Koster rate is applicable in the limiting case of a bilayer (if the faster carrier reaches the 
interface first). The transition to a Langevin system occurs if the domain size approaches 
approximately 5 nm. These theoretical predictions can qualitatively explain our recombination 
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rate measurements, where we find that 𝑘r scales, in both systems, with the sum of the mobilities 
(𝛾 ~ 1) in low donor and acceptor blends and becomes most “non-Langevin” in the most 
efficient blends (𝛾 ~ 25 to 33, Supplementary Figure 9). It is interesting to note that, in 
addition to encounter limited recombination, a recent study also suggests that a large CT-state 
re-dissociation rate after free carrier encounters (relative to 𝑘f) could contribute to the 
suppression of the Langevin recombination coefficient in efficient devices [31]. Although both 
properties, a high slower carrier mobility and a sufficiently large domain size, are expected to 
increase the ability of the slower carrier to leave the interface, their relative contribution to the 
likelihood of a successful separation event may not follow the same trend as a function of blend 
ratio composition. For example, in PTB7:PC70BM blends with 10 wt%, 25 wt% and 45 wt% 
PTB7 we find a relatively constant high slower-carrier mobility, while the generation efficiency 
decreases as the PTB7 concentration is reduced below 45 wt% (Supplementary Figures 5 and 
11). Our recombination coefficient measurements (Supplementary Figure 9) suggest that CT-
states in low donor PTB7:PC70BM blends are less protected from recombination, which could 
explain the observed drop in the generation efficiency. However, further work is required to 
disentangle the effect of the domain size and slower carrier mobility.  
 
Entropy favors the simultaneous dissociation of both carriers: Lastly, changes in the donor 
and acceptor domain sizes will also change the entropic contribution to the dissociation as 
illustrated in Figure 3 (f, g). A growing body of evidence suggests that the entropy facilitates 
charge separation due to the expansion of the number of available states as the carriers diffuse 
away from the interface [68, 98, 99, 100]. The free energy of dissociation is given by 
 
 
𝛥𝐺 = 𝐸 − 𝑇𝛥𝑆 = 𝐸 − 𝑘B𝑇 𝑙𝑛
𝛺CS
𝛺CT
  , 
(1) 
 
where 𝛺CS and 𝛺CT are the numbers of accessible charge-separated and charge-transfer states; 
𝐸 is the CT-state binding energy, 𝑘B the Boltzmann constant, and T the temperature. In the 
extreme case of very imbalanced donor:acceptor concentrations, where only the faster carrier 
has ways to escape, 𝛺CS would equal the number 𝛺f of states accessible to the faster carrier 
(Figure 3 (g)). By contrast in balanced donor:acceptor systems, where also the slower carrier 
is able to leave the interface, the factor 𝛺CS will be proportional to 𝛺f𝛺s, which greatly increases 
the entropic contribution to charge separation (Figure 3 (f)). This means that the entropic drive 
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is stronger in blends where both carriers are mobile and able to leave the interface, reducing the 
free-energy barrier for dissociation. The entropic contribution to the dissociation rate thereby 
further supports our fundamental assertion that the dissociation is largely dependent on the 
slower carrier.  
 
Conclusion 
In conclusion, we have experimentally studied the impact of the charge carrier mobilities on 
the dissociation yield of CT-states in organic semiconductor blends using the archetypal bulk 
heterojunction organic solar cell architecture. Our electrical transport results which are 
supported by independent transient absorption spectroscopy measurements do not agree with 
the common view that charge separation occurs when the faster carrier makes a rapid escape 
and underscore the failure of a simple Braun model, which is based on the dissociation rate 
being proportional to the sum of the mobilities. Our data strongly suggests that it is largely the 
ability of the slower charge carriers to leave the donor:acceptor interface that dictates the 
efficiency of CT-state dissociation. Possible mechanisms that enable the slower carriers to leave 
the interface are: a high enough mobility, a sufficiently large domain size, and enough 
conduction pathways which lower the Coulomb barrier for dissociation due to entropic effects. 
Our findings are important as they shed new insight into the fundamental physics of organic 
semiconductors, and also provide new structure-property strategies for optimizing charge 
generation in excitonic light harvesting systems. Namely, they underscore the need for high 
mobilities to maximize not only charge collection but also charge generation, and further 
demonstrate the role of a balanced donor:acceptor blend ratio to maintain the mobility and 
domain size of slower carriers and a high system entropy. 
 
Methods 
Device preparation: Glass substrates with an 80 nm indium tin oxide (ITO, purchased from 
Kintec) layer were cleaned by sonicating in sequence with Alconox, deionized water, acetone, 
and 2-propanol for 5 min, respectively.  Subsequently, the substrates were coated with 30 nm 
of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS; Baytron P 
VPAl4083).  PCDTBT (SJPC, Canada, M̅w=122200 g/mol, PDI=5.4) and PC70BM (American 
Dye Source, Inc., Canada, M̅w=1032 g/mol) active layer blends were fabricated by first 
preparing solutions of PCDTBT (30 mg) in 1,2-dichlorobenzene (DCB, 5 mL), and PC70BM 
(120 mg) in chlorobenzene (CB, 5 mL). The solutions were then mixed in an appropriate ratio 
to obtain the specified blend ratio compositions. The solutions were spin-coated onto the 
substrates for 90 s, while the spin speed was varied to achieve the same target active layer 
thickness (75 nm) for each blend. Blends of PTB7 (1-Material, M̅w=97.5 kDa, PDI=2.1) and 
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PC70BM were prepared by first separately dissolving PTB7 (90 mg) and PC70BM (120 mg) 
in a mixture of DCB and CB (50%:50%, 5 mL). The solutions were again spin-coated onto the 
substrates for 90 s, while the spin speed was varied to achieve a similar target active layer 
thickness (125–150 nm) for each blend. The active layer thicknesses were measured with a 
DekTak 150 profilometer. All devices were completed by vacuum evaporation of 1.2 nm of 
samarium followed by 75 nm of aluminium under a 10-6 mbar vacuum. The device area was 0.2 
cm2. The device fabrication took place within a glove box with < 1ppm O2 and H2O and JV and 
EQE measurements were also performed inside a glove box. Subsequently the devices were 
encapsulated for the iPC, TAS, RPV and dark-CELIV measurements. Reflectometry for 
calculating the IQE was measured on duplicate devices with a device area of 6.25 cm2. 
 
Current density-voltage characteristics: JV curves were obtained in a 2-wire source-sense 
configuration and an illumination mask was used to prevent photocurrent collection from 
outside of the active area. An Abet Class AAA solar simulator was used as the illumination 
source providing 100 mW cm-2 of AM1.5G light. The exact illumination intensity was used for 
efficiency calculations, and the simulator was calibrated with a standards traceable NREL 
photodiode.  
 
Light intensity dependent measurements: Steady state intensity dependent photocurrent 
measurements were performed with a 532 nm continuous wave laser (Ningbo Lasever Inc.) 
providing a power of 1 W. Optical filters (ThorLabs) were used to attenuate the laser power 
and the photocurrent transients were recorded with an Agilent semiconductor device analyser 
(B1500A). Each measured data point corresponded to a steady state photocurrent measurement 
at the respective incident laser power, which was simultaneously measured with a Silicon 
photodetector to improve the accuracy of the measurement. iPC was repeated on several pixels 
for each blend composition. The EQE was obtained from the ratio of the photocurrent and the 
laser power. The EQE values obtained from the iPC measurement were compared to the EQE 
spectra that were measured using a PV Measurements Inc. QEX7 system. The IQE was 
subsequently calculated from the ratio of the EQE and the active layer absorption. The latter 
was obtained from specular reflectance spectra (using a universal reflectance attachment on a 
Perkin-Elmer Lambda 950 spectrophotometer accurately baselined with a reference glass slab) 
and simulated absorption in non-active layers using a code developed by van de Lagemaat et 
al. from the National Renewable Energy Laboratory. More details on how the active layer 
absorptions are obtained are provided in Supplementary Figure 4.  
 
Repetitive and Resistance dependent PhotoVoltage: Resistance dependent photovoltage 
(RPV) for mobility, recombination coefficient and trapping measurements were recorded with 
an oscilloscope (LeCroy WaveRunner 6200A) with different external load resistances (𝑅Load), 
while a delay generator (Stanford Research Systems DG535) was used to trigger a function 
generator (Agilent 33250A) and a pulsed Nd:Yag laser (Brio Quantel) with a pulse length of 
10 ns. An excitation wavelength of 532 nm was used to generate the charge carriers, while 
neutral optical density (OD) filters were used to attenuate the approximately 50 mJ energy 
output. For the RPV mobility measurements, low laser pulse intensities (resulting in a 
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photovoltage close to 100 mV at a load resistance 𝑅Load of 1 MΩ) were used to avoid space 
charge effects and to maintain quasi short-circuit conditions [104]. However, the transients were 
also measured under various applied biases. To estimate the recombination coefficients, the 
extracted charge (𝑄ext) is calculated at different load resistances by integrating the photovoltage 
transients measured at highest pulse intensities that saturate the photovoltage. Repetitive 
photovoltage transients for charge trapping measurements and very low mobility detection (on 
the order of 10-10 cm2 V-1 s-1) were recorded at 𝑅Load = 1 MΩ and different laser repetition rates 
(2 – 20 Hz). Summaries of these measurement techniques are provided in the figure captions of 
Supplementary Figure 7, Supplementary Figure 8 and Supplementary Figure 9, 
respectively. The error bars in the mobility values as measured by RPV indicate the uncertainty 
of the carrier transit times. The uncertainty of the transit time was approximated from the range 
at which the photovoltage signals deviate and saturate to tangents fitted to the rise and plateau 
regions of the photovoltage transients (as plotted in Supplementary Figure 7 and 8).  
 
Transient Absorption Spectroscopy (TAS): Femtosecond TAS was carried out using a 
commercially available transient absorption spectrometer, HELIOS (Ultrafast systems). 
Samples were excited with a pulse train generated by an optical parametric amplifier, TOPAS 
(Light conversion). Both the spectrometer and the parametric amplifier were seeded with an 
800 nm, <100 femtosecond pulses at 1 KHz generated by a Solstice Ti:Sapphire regenerative 
amplifier (Newport Ltd). Changes in the optical density of the films induced by the laser 
excitation were followed with a second broadband pulse (830–1450 nm) generated in a sapphire 
crystal. The HELIOS transient absorption spectrometer was used for recording the dynamics of 
the transient absorption spectra up to 2.7 ns with an average 200 fs instrument response 
function. Measurements were performed on the active layer next to the top electrode of the 
same devices as used for the electrical measurements (structure: glass/ITO/PEDOT:PSS/Active 
Layer). Samples were excited at 560 nm with a fluence of 500 nJ cm-2. The low fluence ensures 
absence of second order recombination processes in our devises. The decay dynamics were 
analyzed corresponding to the polymer exciton (1300 nm) and positive polaron (cation) 
absorption (1000 nm). Global analyses of the data were carried out using the program 
OriginLab. TAS signals have been averaged 10 times and repeated twice.  
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V.3 High Performance due to Re-Dissociating Charge-Transfer 
States  
This section presents a study on one of the best performing OSCs to date. The results show that 
the omnipresent Non-Langevin recombination in efficient OSCs can be explained by the finite 
CTS lifetime and high probability of CTS re-dissociation after free carrier encounter. It is 
demonstrated that Non-Langevin recombination due to re-dissociating bound states is highly 
beneficial, not only to maximize the charge collection, but also the charge generation yield, and 
in fact all photovoltaic key parameters. The unique properties of the studied donor material may 
provide an opportunity to establish design principles to control the electronic overlap between 
the CTS and the ground state and the interplay between CTS dissociation and recombination. 
 
 
  
 132 
 
Reduced Recombination in High Efficiency Molecular Nematic 
Liquid Crystalline: Fullerene Solar Cells 
 
Abstract 
Bimolecular recombination in bulk heterojunction organic solar cells is the process by which 
non-geminate photogenerated free carriers encounter each other, combine to form a charge 
transfer (CT) state which subsequently relaxes to the ground state. It is governed by the 
diffusion of the slower and faster carriers towards the electron donor: acceptor interface. In an 
increasing number of systems, the recombination rate constant is measured to be lower than 
that predicted by Langevin’s model for relative Brownian motion and the capture of opposite 
charges. Herein, we investigate the dynamics of charge generation, transport and recombination 
in a nematic liquid crystalline donor: fullerene acceptor system that gives solar cells with initial 
power conversion efficiencies of >9.5%. Unusually, and advantageously from a manufacturing 
perspective, these efficiencies are maintained in junctions thicker than 300 nm. Despite finding 
imbalanced and moderate carrier mobilities in this blend, we observe strongly suppressed 
bimolecular recombination, which is ~150 times less than predicted by Langevin theory, or 
indeed, more recent and advanced models that take into account the domain size and the spatial 
separation of electrons and holes. The suppressed bimolecular recombination arises from the 
fact that ground-state decay of the CT state is significantly slower than dissociation. 
 
 
Introduction 
Despite considerable activity directed towards materials development over the past two 
decades, there are still only a handful of organic semiconductor systems that deliver power 
conversion efficiencies (PCEs) >10% in single junction organic solar cells [170]. The so-called 
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bulk heterojunction (BHJ) containing a blend of electron donor and acceptor organic 
semiconductors is the only architecture so far capable of delivering these single junction PCEs, 
and the electron acceptor is normally a fullerene such as PC71BM ([6,6]-phenyl-C71-butyric 
acid methyl ester). High efficiency donor materials are often polymers although there are a few 
notable exceptions [208]. One of the more interesting of these exceptions was recently reported 
by Sun et al. – a molecular nematic liquid crystalline donor with a benzo[1,2-b:4,5-
b’]dithiophene (BDT) centre and rhodamine end groups referred to as ‘BTR’ [209]. When 
combined with PC71BM in an optimised architecture, this material delivers an exceptionally 
high Fill Factor (FF ~ 0.75) and open circuit voltage (VOC ~ 0.95) even when the heterojunction 
is 310 nm thick. This is unusual and important since ‘thick junctions’ (>200 nm) are 
advantageous from multiple perspectives for viable manufacturing of large area organic solar 
cells. 
 
Electron and hole mobilities in non-crystalline organic semiconductors tend to be <0.1 cm2/Vs 
and often imbalanced by several orders of magnitude [107]. There has been significant effort 
towards understanding the impact of the efficiency with which photogenerated carriers are 
generated and extracted on the performance of thin and thick junction organic solar cells [52, 
59, 182]. For example, Bartesaghi et al. showed how the FF of numerous organic 
donor:acceptor solar cell systems could be explained by only considering extraction 
(recombination) losses [182]. Armin et al. recently explained how inverting the junction 
electrical architecture can be used to compensate for imbalanced mobilities in thick junction 
devices containing new high mobility donor polymers [210]. Further, Jin et al. demonstrated 
the direct relevance of suppressing recombination in large area organic solar cells to minimize 
the impact of thickness inhomogeneities [211].There is also the question of how charge transfer 
state dissociation efficiency is related to the relative mobilities of the carriers [192]. 
 
In general, increasing either the electron and hole mobilities or reducing the bimolecular 
recombination rate is a means to improving extraction efficiency – particularly in thick 
junctions. The disordered nature of BHJ films means that the former option is challenging, and 
been shown to not always deliver the expected benefits [210]. One is therefore led to consider 
as to how the latter could be achieved. In this regard, and noting the relatively disordered nature 
of organic semiconductors, the bulk bimolecular recombination rate constant of free charges, 
𝑘bulk, is traditionally considered to be dependent predominantly upon the time it takes for the 
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carriers to diffuse close enough to each other to interact within their Coulomb radius. This leads 
to a diffusion-controlled recombination rate constant, 𝑘L –  
 
 𝑘L = (𝜇𝑛 + 𝜇𝑝)𝑒/𝜖𝜖0 (1) 
 
where 𝜇n(p) is the electron (hole) mobility, 𝑒 unit charge, 𝜖 the dielectric constant and 𝜖0 the 
vacuum permittivity. This construct was originally proposed for the recombination of ions by 
Langevin [43], and has subsequently been widely used to describe the recombination of charges 
in disordered materials including dielectrics [212], amorphous silicon [213], small molecule 
organic semiconductors [214], and polymers [215]. However, more than two decades ago it was 
shown by Arkhipov and Tyutnev et al. [216, 217] that in some semiconducting polymers, the 
experimental data for 𝑘bulk does not agree with the predicted values of the Langevin rate, 𝑘L. 
The origin of this anomaly was thought to be related to spatial separation of the potential 
landscapes that electrons and holes experience even in blends, i.e., an effective phase separation 
of the two charge types [218]. A classic example of this phenomenon is the case of thermally 
annealed regioregular poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester 
(P3HT:PC61BM) BHJs. Despite the P3HT:PC61BM system only delivering PCEs of 3-5% (due 
to the relatively wide optical gap of P3HT), it has become an archetypal example of non-
Langevin recombination. This system exhibits reduced bimolecular recombination rate ~100 
times less than the Langevin rate [219], thus allowing the FF and PCE to be maintained at 
optimal values for heterojunctions three times thicker than for most other systems [211]. The 
reduction factor relative to the Langevin rate can be defined from Equation 1 as follows: 
 
 
𝛾L =
𝑘L
𝑘bulk
=
(𝜇𝑛 + 𝜇𝑝)𝑒
𝜖𝜖0𝑘bulk
  
(2) 
 
Whilst the benefits of reduced bimolecular recombination are now clear – and combining this 
feature with optimal light harvesting is an important strategy for increasing efficiencies in 
organic solar cells – the exact origins of non-Langevin recombination are widely debated, with 
only a few models proposed to explain the behaviour. For example, Tachiya et al. suggested 
that as free charges can recombine within their Coulomb radius [220], the Langevin model 
which assumes that recombination occurs at a zero distance, is not a valid description in 
disordered semiconductors. Koster and Blom [58] postulated that the Langevin rate is not 
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necessarily valid in the context of BHJs (which are multi-phase systems) since the faster carriers 
must wait for the arrival of the slower ones at the interface in order for recombination to occur. 
In such a scenario, the recombination rate constant can be reduced with respect to the Langevin 
rate when the electron/hole mobilities are strongly imbalanced. Counter to Equation 1, Groves 
et al. [221] used Monte-Carlo simulations, to show that the recombination rate in phase-
separated systems is defined by the geometric mean of the electron and hole mobilities. Finally, 
and most recently, Heiber et al. [59] suggested that the origin of strongly reduced recombination 
is not necessarily an inherent property of the heterojunction i.e. the spatial separation of 
electrons and holes within different phases, however it could be true in extreme cases [221]. 
These workers showed that the so-called ‘encounter-limited’ recombination can only be 
suppressed to the extent that it results in small reduction factors (< 10) for typical domain sizes 
(~5 – 10 nm) seen in high efficiency BHJs devices. According to their observations, the 
bimolecular recombination rate constant approaches the slower-carrier-limited rate as explained 
by Koster and Blom [58], for very large domain sizes, whilst the rate constant approaches the 
faster-carrier-limited rate, as explained by Langevin, when the domain size is vanishingly small.  
Alternatively, within the framework of the Onsager-Braun model for charge generation, the 
strongly reduced bimolecular recombination may be attributed to an efficient re-dissociation of 
CT states back to free charges, which are in competition with their decay to the ground state. 
This results in an equilibrium between the free charges and (a low population of) CT states. 
This particular scenario has recently been used by Burke et al. to analyse the equilibrium 
between the CT state and the charge-separated state populations and its implications for the 
open circuit voltage [31]. We will return to their findings later in the discussion. 
 
Motivated by these debates, and the aforementioned unusual and potentially advantageous thick 
heterojunction performance of the BTR:PC71BM system, herein we have studied its 
recombination dynamics. We have used multiple methodologies to determine the bimolecular 
recombination reduction factor 𝛾L in optimised, high efficiency solar cells under operational 
conditions. Despite PCEs >9.5% being maintained for junction thicknesses up to 310 nm, we 
find nothing remarkable concerning the electron and hole mobilities (𝜇e = 3×10
-4 cm2V-1s-1, 𝜇h 
= 4×10-3 cm2V-1s-1), which are comparable to many other less efficient organic solar cell blend 
systems where the recombination rate is diffusion controlled [54, 107, 182]. We do however, 
observe a Langevin reduction factor of ~150 and this explains why high FF (~0.75) is 
maintained in thick junctions in this system. Furthermore, we determine that the free charge 
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generation quantum yield is as high as 90%, implying efficient photogenerated charge transfer 
(CT) state dissociation. Importantly, by examining the relative rates within a simple Onsager-
Braun construct, we also find that there is a high probability of CT state re-dissociation 
following free carrier encounters at the donor: acceptor interface; this results in an equilibrium 
between CT states and free carriers. Hence, bulk bimolecular recombination is not limited by 
the encounter rate. The result is also consistent with the observed high open circuit voltages 
compared to the blend energy gap EDA. 
 
Results and Discussion  
Solar cell performance 
 
Figure 1. Device structure and the performance of BTR:PC71BM organic solar cells. (a) 
Molecular structure of BTR. (b) Device structure of the solar cell devices made and 
characterized. (c) Current-voltage curves of BTR:PC71BM solar cells with junction thicknesses 
of 200 nm and 310 nm, respectively, measured under AM1.5G illumination conditions. 
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Figure 1 (a) shows the molecular structure of the nematic liquid crystal electron donor material, 
BTR. Bulk heterojunction organic solar cells of BTR:PC71BM with the device structure as 
shown in Figure 1 (b) were fabricated following the same processing conditions and 
methodologies as describe by Sun et al. [209] and we confirm the originally reported 
efficiencies. Typical current density-voltage (J-V) curves for two active layer (heterojunction) 
thicknesses of 200 nm and 310 nm are shown in Figure 1 (c) with PCEs of 9.4% and 9.5%, 
respectively. As previously indicated, the maintenance of performance in thick junctions is a 
matter of significant interest, and it has been shown that balanced charge carrier transport [222] 
and/or suppressed bimolecular recombination [52, 211] can both provide efficient charge 
extraction under such circumstances. 
 
Electron and hole mobilities 
The next phase of the study focused on the charge mobility of the blend film. A space charge 
limited current (SCLC) hole mobility of ~10-3 cm2/Vs has been previously reported for the 
BTR:PC71BM blend by Sun et al. [209] In the current work, we employ resistance dependent 
photovoltage (RPV), which is a more direct charge carrier mobility measurement methodology 
that is based upon extraction of electrons and holes in operational devices [54]. From the 
measured transit times as a function of the load resistance RL (shown in Figure 2) and 
heterojunction thickness (310 nm), we obtain a faster carrier mobility of 4 x 10-3 cm2V-1S-1 and 
slower carrier mobility of 3 x 10-4 cm2V-1S-1. We note that the value we obtain for the faster 
carrier mobility is close to the SCLC hole mobility reported by Sun et al. [209], and therefore 
we tentatively assign the faster carriers to the holes. Furthermore, the electron mobility is in 
agreement with those typically measured in a 50% by weight fullerene blends for multiple 
systems, which are consistently lower than that typically observed for blends with 80% 
fullerene loading (>10-3 cm2V-1S-1) [107, 222]. 
 
This analysis indicates that charge carrier transport in the BTR:PC71BM system is not unusual 
from the perspective of carrier mobilities – both in terms of their magnitudes and the 
approximately 10 times imbalanced mobility. Hence, given the rather standard transport 
characteristics observed, one is led to suspect that favorable recombination is at the heart of the 
thick junction performance. This is consistent with Bartesaghi et al. [182], who recently pointed 
out that the overall charge collection efficiency (which determines the FF and the PCE) is a 
result of the competition between recombination and charge extraction. In what is to follow, we 
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study the recombination coefficient by applying 4 independent methods in steady state and 
transient modes, dark and illuminated. 
 
Figure 2. Resistant dependent photovoltage transients of a BTR:PC71BM solar cell at low laser 
light intensity. The electron and hole mobilities are quantified from their corresponding transit 
times marked on the figure. 
 
Steady state current injection under equilibrium conditions 
To quantify the bimolecular recombination reduction factor, we use operational BTR:PC71BM 
solar cells and analyze their J-V curves. In this regard, we assume an insulator (a semiconductor 
with low equilibrium carrier density) that is sandwiched between an anode and a cathode under 
forward bias. In the BTR:PC71BM device, the equilibrium charge carrier concentration is 
negligible compared to the magnitude of the charge on the electrodes at operational voltages. 
As such, the theory of double injection in insulators is applicable. If the recombination of 
charges is of Langevin-type, the recombination cross section is so large that the injected 
electrons and holes from the electrodes recombine as soon as they meet in space. The total 
current (𝐽SCL) is hence the sum of the space charge limited (SCL) currents from the separated 
electrons and holes, (𝐽𝑖
SCL) at the cathode and the anode respectively, given by [223] 
 
 𝐽SCL = 𝐽𝑛
SCL + 𝐽𝑝
SCL =
9
8
𝜖𝜖0(𝜇𝑛 + 𝜇𝑝)
𝑉2
𝑑3
                 (for Langevin case).           (3) 
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Equation 3 is a generalized Mott-Gurney law and describes the maximum possible injected 
current into an insulator with the recombination rate limited to that given by the Langevin 
expression. However, if the recombination is reduced with respect to the diffusion-limited rate, 
the electron and hole SCL currents do not immediately annihilate each other upon meeting in 
space, rather allow for the establishment of a plasma in the bulk. In such a case, the current 𝐽DI 
(herein referred to as the double injection current) can be calculated as shown by Mark and 
Lampert [75]: 
 
𝐽DI =
9
8
𝜖𝜖0𝜇eff
𝑉2
𝑑3
  
(4) 
where 
 
𝜇eff =
2
3
(4𝜋𝜇𝑓𝜇𝑠𝛾L)
1/2
 
(5) 
 
and µf and µs are respectively the faster and slower carriers. We have taken Equation 5 from 
the work of Mark and Lampert (Equation 11.35) and modified it to the notation of this work. 
To mitigate the voltage drop induced by the sheet resistance of the ITO electrode, we reduced 
the device area to 0.01 cm2 from the original of 0.2 cm2. Figure 3 shows the J-V curves of these 
reduced area devices with fittings to the Parmenter-Ruppel expression using the mobility values 
of Figure 2. The best fit corresponds to a reduction factor of 𝛾L =150. Other fitting values are 
also shown to demonstrate the sensitivity of the results to the 𝛾L fitting. Note, the built-in 
voltage Vbi was approximated by the open circuit-voltage that matches up with the onset of the 
dark J-V curve as shown in the Supplementary Information. A static dielectric constant of 4 
was determined using dark-charge extraction in linearly increasing voltage (dark-CELIV) as 
previously described [48]. In the next section we employ Equations 4 and 5 to quantify the 
reduction factor from the current transients. 
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Figure 3. Current density versus effective voltage for a BTR:PC71BM solar cell (310 nm 
junction thickness, device area 0.01 cm2 and static dielectric constant of 4). (a) Parmenter-
Ruppel current fittings based upon the effective mobility from Equation 5  for different values 
of 𝛾L. The best fit can be achieved with a Langevin reduction factor of 𝛾L = 150.   
 
Transient current injection 
The double injection current methodology can also be performed in a transient mode [52]. The 
transient method benefits from normalization of the currents, implying that any injection barrier 
due to the imperfect contacts and/or series resistance will have a reduced impact on the analysis. 
When a forward bias voltage is applied to the solar cell, electrons and holes are injected from 
the cathode and the anode after an RC-decay that first charges the capacitor plates (the 
electrodes). We note that the RC-time must be minimized with respect to the other characteristic 
times of the system. After the RC decay, the total current is expected to be the sum of the two 
one-carrier SCL currents being injected from each electrode, i.e., Equation 3. As indicated 
above, when the two SCL currents meet in space, two scenarios can emerge: (i) a diffusion-
limited recombination regime (𝛾L = 1) in which the recombination cross section is so high that 
the carriers immediately recombine and no plasma can be formed. In this case, the current does 
not increase with time and the transient current exhibits a plateau at its SCL value given by the 
generalized Mott-Gurney law, Equation 3 [211]; (ii) Alternatively in the case of suppressed 
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recombination (𝛾L > 1), the current increases further when the carriers meet in space, and 
electron and hole density increase with time, forming a plasma within the bulk. In this case, the 
current ultimately increases to the value given by the Parmenter-Ruppel expression, Equation 
4. The rise of photocurrent is direct and unambiguous evidence of a suppressed recombination 
rate constant [52]. Note, that the double-injection current transient has been normalized to its 
initial value immediately after the RC-time. Normalizing Equation 4 by Equation 3 results in 
 
 𝐽DI
𝐽SCL
=
𝜇eff
𝜇𝑛 + 𝜇𝑝
 
(6) 
 
which yields the reduction factor together with Equation 3 
 
 
𝛾L =
9
16𝜋
(𝜇𝑛 + 𝜇𝑝)
2
𝜇𝑛𝜇𝑝
(
𝐽DI
𝐽SCL
)
2
 
(7) 
 
Figure 4 shows the double injection current transient of an operational BTR:PC71BM solar cell 
(heterojunction thickness 310 nm) at a bias voltage of 2 V. The current saturates at 
𝐽DI
𝐽SCL
= 7. 
Using the measured electron hole mobilities and Equation 7 we extract a reduction factor of 
𝛾L = 135 which is close to the value obtained from steady state J-V measurements. 
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Figure 4. Injection current transient at forward bias voltage of 2 V normalized to the initial 
space charge limited (SCL) current. Inset cartoons show the injection of the initial one-carrier 
SCL currents near the anode and the cathode, rising carrier densities in line with rising current, 
and ultimately a saturated double injection current into the built-up plasma. The normalized 
current value of approximately 7 corresponds to a Langevin reduction factors of 135 based 
upon Equation 7. 
 
Resistance dependent photocurrent transient 
As discussed previously, systems with reduced bimolecular recombination can sustain higher 
carrier densities and as a result, a plasma can form during two-carrier injection. The same 
concept applies to photogenerated charges. To simulate this effect, we use a high fluence 
incident laser pulse which saturates the photovoltage and immediately screens the electric field 
inside the film. The photogenerated carriers either recombine due to diffusion, or are collected 
at the electrodes within the extraction time which can be controlled with a variable load 
resistance and associated RC-time of the circuit. If 𝛾L ≫ 1, then carriers can survive longer and 
more charges can be extracted. Integrating the photocurrent transient over time can therefore 
provide information about the reduction factor. The extracted charge saturates to a value CV at 
the largest load resistances because in this case, the RC time is much larger than the photocarrier 
lifetime, allowing only an amount of charge to be extracted equal to that capable of being stored 
on the electrodes. Reducing the RC time via the load resistance allows more charges to be 
extracted depending on the photocarrier lifetime and the bimolecular recombination coefficient. 
Using drift-diffusion modeling it has previously been shown that the amount of extracted 
charges versus the normalized RC-time obeys an empirical logarithmic expression [49] 
 
 𝑄𝑒
𝐶𝑉
= 1 + 𝑐1 log [1 + 𝑐2 (
𝑅𝐶
𝑡tr
)
−𝑐3
 ] 
(8) 
 
where, the fitting coefficients are defined as 
 
 
𝑐1 = 1.829 (𝛾L
−1 + 0.0159𝛾L
−
1
2) 
𝑐2 = 0.63𝛾L
0.407 
𝑐3 = 0.55𝛾L
0.0203 
(9) 
 
(10) 
(11) 
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The transit time in Equation 8 represents an effective transit time for the extraction of both 
electrons and holes 𝑡tr = 𝑑
2/(𝜇s + 𝜇f)𝑉. Figure 5 shows the experimental results for the 
integrated photocurrent after a high fluence pulse excitation, i.e., the amount of extracted 
charges normalized to the number of charges that can be stored on the electrodes (CV) plotted 
against 𝑡tr normalized to the RC-time of the circuit. The fitting was based upon Equation 8. A 
reduction factor of 𝛾L = 133 is obtained which is again close to those values we evaluated 
based upon the double injection experiments. Non-matching parameters are also shown to 
highlight the sensitivity of the approach of the fitting parameters. 
 
 
Figure 5. Extracted charge normalized to the amount of charge on the electrodes (CV) versus 
the faster carrier transit time normalized to the RC-time. The photovoltage transients (devices 
similar to Figure 1) are measured at high laser fluences that saturate the photovoltage (number 
of photons ≫  CV/e) and subsequently integrated to obtain the extracted charge. The 
experimental results are in agreement with the results from injection based methods (Equation 
7), i.e.,  𝛾𝐿 = 133 . The dashed purple and dotted blue lines correspond to non-matching 
fittings in order to show the sensitivity of the fittings to the 𝛾 value. 
 
Intensity dependent photocurrent 
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To investigate the role of suppressed bimolecular recombination under operational conditions 
we utilized intensity dependent photocurrent (IPC) measurements. We have previously shown 
[211] that the critical photocurrent at which bimolecular recombination becomes significant is 
close to the slower carrier space charge current 𝐽SCLC (slower) ≈ 𝐶𝑉/𝑡tr (slower) for systems with 
Langevin recombination, and where 𝑡tr (slower) denotes the transit time of the slower carriers. 
When the incident light intensity increases, the photocurrent also increases (initially linearly 
with light intensity) until the current reaches 𝐽SCLC (slower). At this point, the charge in the device 
approaches 𝐶𝑉 and the average lateral spacing between the charge carriers reduces to a value 
at which their Coulombic attraction becomes larger than the external electric field that drives 
carriers to the electrodes. To avoid reaching the bimolecular recombination loss threshold (at 
the short circuit condition, at least) in Langevin-type systems such as PCDTBT:PC70BM [211, 
224], and under 1 sun illumination, the junction thickness must be kept thin enough to avoid 
the formation of slower carrier space charges. Recently Stolterfoht et al. [172] have extended 
the use of the IPC methodology to non-Langevin systems and correlated the deviation point to 
both the slower carrier mobility, and the bimolecular recombination reduction factor. In this 
case, the current deviates at 
 
 
𝐽dev ≈ 𝜉
𝐶𝑉
𝑡tr(slower)
𝛾𝐿
1/2
  
(12) 
 
where, 𝜉 is a prefactor which has been found to be approximately 0.4. Overall, Equation 12 is 
in line with double injection current transients in non-Langevin systems. If the recombination 
is suppressed, the slower carrier space charge limit is effectively increased by a factor of √𝛾L.  
 
Before moving on to the IPC results for BTR:PC71BM operational solar cells, we will further 
elaborate on the details of Equation 12 and its implications. As discussed in the double 
injection current section, non-Langevin recombination can increase the maximum injectable 
current into insulators. Equation 6 clearly shows that if 𝛾L > 1, the double injection current 
can be enhanced from 𝑗SCLC to 𝑗DI whilst it is limited to 𝑗SCLC if 𝛾L = 1, and no rise in the 
transient will be expected. Figure 6 (a) shows the drift-diffusion simulation results of the 
intensity dependent photocurrent for a BTR:PC71BM solar cell (310 nm junction) with different 
Langevin reduction factors. In Figure 6 (b) simulated double injection transients for the same 
systems are shown at 2 V bias. It is clear that when 𝛾L = 1, the injection current transient  
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exhibits no rise from 𝐽SCLC  and as seen from the IPC plot in Figure 6 (a), the photocurrent 
deviates at approximately 𝐽SCLC (slower). By increasing the reduction factor (𝛾L > 1) the 
injection current exhibits a rise towards a maximum value of 𝑗DI. Both 𝑗DI and the deviation 
photocurrent (𝑗dev) increase with increasing reduction factor. 
 
Figure 6. (a) Simulated intensity dependent photocurrent for a BTR:PC71BM solar cell with 
active layer thickness of 310 nm under short circuit condition for different Langevin reduction 
factors. The current is normalized to the slower carrier space charge current (SCLC). By 
increasing the reduction factor, the photocurrent deviates at photocurrent values larger than 
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the slower carrier SCLC. The deviation points are more visible from the normalized external 
quantum efficiencies (EQEs). (b) Simulated double injection transients for the same device at 
a forward bias voltage of 2 V. In all cases the injection current starts from the SCLC limit. For 
larger reduction factors the current reaches significantly higher values. 
 
Figure 7 shows the experimental results of intensity dependent photocurrent measurements on 
a 310 nm thick BTR:PC71BM solar cell device at the short circuit condition. We obtain a 
deviation current of 𝐽dev ≈ 30 mAcm
−2. Qualitatively, this deviation current is far larger than 
the slower carrier space charge limited current for a 310 nm thick BTR:PC71BM device 
(𝑗SCLC(310 nm) ≈ 3.5 mAcm
−2). We can use Equation 11 to quantify the reduction factor 
from 𝐽dev and the slower carrier mobility.  Using an internal voltage that is approximately the 
same as the open circuit voltage (~0.9 V) and a dielectric constant of 4, we calculate 𝛾L ≈ 150. 
Hence, using four different methodologies to measure the reduction factor we see clearly that 
the recombination in BTR:PC71BM is approximately 150 times suppressed with respect to that 
predicted by the Langevin model. 
 
 
Figure 7. The photocurrent (right axis) versus continuous light irradiance at an incident 
wavelength of 532 nm for a BTR:PC71BM solar cell with a junction thickness of 310 nm under 
short circuit conditions. The EQE is plotted on the left axis versus irradiance to better visualize 
the irradiance at which the photocurrent deviates from linearity, which also leads to a decrease 
in the EQE. Due to suppressed bimolecular recombination, the deviation happens at a 
photocurrent of ~0.03 A/cm2, which is larger than the space charge current of the slower 
 147 
 
carriers. A reduction factor of 𝛾L = 150  can be estimated from the deviation current and based 
upon Equation 13. 
 
Origin of the suppressed recombination and its implications 
We now discuss charge generation in these high efficiency BTR:PC71BM solar cells and its 
inter-relation with the observed non-Langevin recombination. Figure 8 (a) shows the optical 
constants; refractive index and extinction coefficient of BTR:PC71BM films on glass. Using 
these parameters and the optical constants of all the ancillary layers in the solar cell stack, we 
were able to quantify the parasitic absorptions (i.e. optical losses) in the full device. 
Subsequently, using the external quantum efficiency (EQE) and near normal incidence 
reflection we evaluated the internal quantum efficiency (IQE) [35]. The IQE was found to be 
~90% [junction thickness 310 nm, Figure 8 (b)] and virtually flat as expected, across the 
absorption window. We note that the photocurrent does not deviate from linearity in this system 
until high light irradiances – five orders of magnitude larger than the light irradiance we used 
to measure the EQE (~ 1 μW/cm2) in Figure 6.  
 
It has recently been shown that under these conditions, the IQE is not limited by non-geminate 
recombination losses (i.e., bimolecular losses or trap-assisted non-geminate recombination in 
the bulk) and therefore, it reflects the charge generation quantum yield [35]. Hence, the 
measurements show that charge generation for the BTR:PC71BM blend is very efficient, and 
indicate that charge generation and recombination are inter-related. The probability of 
ionization of CT states is given by the branching ratio 𝑃 = 𝑘d/(𝑘f + 𝑘d), where 𝑘d is the rate 
constant for dissociation of CT to charge separated (CS) states, and 𝑘𝑓 is the decay rate constant 
of the CT to the ground state (GS). When 𝑘d is >> 𝑘f, efficient charge generation is expected. 
Further increasing the ratio of 𝑘d/𝑘f results in a saturation of the CT state dissociation 
probability, and will not further increase the charge generation. However, this leads to the 
formation of an equilibrium between CT and CS states and overall, lowers the CT states density 
and their recombination rate. The bimolecular recombination involves two independent stages. 
The first rate, 𝑘enc, depends on the probability of the encounter between a free electron and a 
free hole to form a CT state with a diffusion-limited rate constant. The second stage is the 
recombination of the CT states to the ground state. The bulk recombination rate constant can 
therefore be written as 
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 𝑘bulk = (1 − 𝑃)𝑘enc (13) 
   
 
Figure 8. (a) Optical constants (n, k) of a BTR:PC71BM film as determined by spectroscopic 
ellipsometry and reflectometry. (b) Internal and external quantum efficiencies of BTR:PC71BM 
solar cells. The IQE is measured at low light irradiance where non-geminate recombination is 
absent. Therefore, the IQE reflects the charge generation quantum yield which is ~ 90%. 
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The bulk recombination and Langevin rate constants are related via  𝛾L = 𝑘L/𝑘bulk and 
therefore we can write for 𝛾𝐿 
 
 𝛾𝐿 = 𝛾CT𝛾enc (14) 
 
where 𝛾enc = 𝑘L/𝑘enc and 𝛾CT =
1
1−𝑃
. In Figure 9 we have plotted the predicted diffusion 
limited reduction factors (𝛾enc) for different domain sizes – based on the model of Heiber et al. 
[59] versus the square root of the mobilities product assuming an electron mobility of 3 x 10-4 
cm2V-1s-1. In addition, we also plot the slower-carrier-limited rate constants according to Koster 
and Blom [58], as well as the harmonic mean and the geometric mean as suggested by Groves 
and Greenham [221]. Plotting the measured reduction factor (𝛾L~150) of the BTR:PC71BM 
system on the same figure demonstrates that this reduction factor is significantly larger than 
that predicted by any of these three models, regardless of the domain size or the nano-
morphology. This implies that the origin of non-Langevin recombination in this material system 
is predominantly because of the high probability of CT state dissociation (P ≫1). If we consider 
a domain size of 10 nm, then 𝛾enc~2, which implies 𝛾CT~75 that approximates the ratio 𝑘𝑑/𝑘f. 
 
Figure 9. Predicted diffusion controlled reduction factors of the bimolecular recombination for 
different domain sizes (colored lines, calculated based on Heiber et al. [59]) as a function of 
the square root of the mobilities assuming an electron mobility of 3 x 10-4 cm2V-1s-1, compared 
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to predictions of empirical models such as the slower-carrier-limited rate constant, the 
harmonic and geometric mean. All these models assume a diffusion (encounter) limited 
recombination mechanism. The measured Langevin reduction factor of BTR:PC71BM (~150) is 
plotted as a red circle, demonstrating the strongly reduced recombination compared to all of 
these models. 
 
In addition to these beneficial effects of the strongly reduced recombination rate for the charge 
generation yield, Burke et al. [31] have demonstrated that a long CT state lifetime (which 
corresponds to large 𝑘d /𝑘f and reduced recombination) is highly desirable to increase the open-
circuit voltage of organic solar cells by the reducing energy losses associated with non-radiative 
charge recombination. A weak coupling of the CT states to the ground state is key to achieving 
this condition whereby the radiative VOC loss is reduced logarithmically [31]. It has also been 
shown that many solar cells lose between 300 to 700 meV in 𝑒𝑉OC compared to the CT state 
energy (or approximately the blend energy gap), as determined by the difference of the 
ionization potential of the donor and the electron affinity of the acceptor minus the CT state 
binding energy Eb(CT). We note that the exact energy and binding energy of BTR:PC71BM CT 
states are not known, and therefore we are not able to calculate the exact VOC loss. Nevertheless, 
a Langevin reduction factor of 150 corresponds to a reduction of the VOC loss (i.e. an increased 
VOC) of 𝑘B𝑇ln(
1
150
) ≈ 120 meV with respect to a Langevin system with identical energy levels 
to the BTR:PC71BM blend. This is perhaps the reason for the respectable open circuit voltage 
of 0.94 V with energy levels similar to many other donor/acceptor systems [23, 209] which 
nevertheless exhibit lower VOC. 
 
Conclusion 
Bulk heterojunction organic solar cells based upon the BTR:PC71BM blend system exhibit 
state-of-the-art power conversion efficiencies exceeding 9.5%. These efficiencies are 
maintained in ‘thick’ heterojunction devices (> 300 nm). We have found that the electron and 
hole transport properties in optimized BTR:PC71BM operational solar cells do not explain this 
behaviour – the magnitude and ratio of the mobilities are typical of numerous high and moderate 
efficiency organic solar cell BHJ combinations. We found a mobility imbalance of ~10 and 
strongly suppressed bimolecular recombination with respect to the values predicted by 
Langevin theory that cannot be explained by the carriers existing in separate phases. To quantify 
the bimolecular recombination reduction factor, we employed four independent methods, which 
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are based on injection and extraction of charges in both steady state and transient regimes. The 
results obtained from all four methods are in strong agreement, confirming a reduction factor 
of ~150 in this intriguing molecular nematic liquid crystal donor: fullerene acceptor system. 
The simultaneous presence of high free charge generation quantum yield and suppressed 
bimolecular recombination, suggests a low recombination rate of the CT states compared to the 
dissociation rate. The suppressed CT state recombination also contributes to the reduction of 
𝑉OC-loss by 120 meV in this system. Our results explain why this BTR:PC71BM system works 
so well in organic solar cells, and potentially delivers new design strategies to suppress the CT 
state recombination, which simultaneously optimises all photovoltaic key parameters of organic 
solar cells. 
 
Experimental Section  
Materials: PC71BM was purchased from American Dye Source and used without purification. 
BTR was synthesised in house based on the methodology previously described [209].   
 
Solar cell fabrication: Solar cells were fabricated on pre-patterned indium tin oxide (ITO) 
glass substrates (15  sq-1: Xinyan) in a class 1000 clean room. The substrates were cleaned in 
a detergent bath (Alconox) at 80 °C for 10 min and mechanically cleaned by a soft cloth, 
followed by sonication in sequence with Alconox, deionized water, acetone, and 2-propanol for 
10 min each. The cleaned substrates were dried with nitrogen before spin-coating the 
subsequent layers. Substrates were 2.5 cm x 2.5 cm with 6 pixels of 0.2 cm2 each. The cleaned 
substrates were coated with a 30±5 nm layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) purchased from Heraeus 
(Clevios P Al4083), by spin-coating at 5000 rpm for 60 s. The PEDOT:PSS layer was baked 
for 10 min at 170 °C. After cooling, the substrates were transferred into a nitrogen-filled glove 
box for device fabrication (O2 <1 ppm, H2O <1 ppm). After that, BTR:PC71BM films were 
deposited from the solutions described above on top of the PEDOT:PSS layer in a nitrogen 
atmosphere with oxygen and water concentration of <5 ppm. Individual solutions of BTR and 
PC71BM were prepared in anhydrous chloroform at room temperature and at a concentration of 
40 mg/mL. The solutions were then mixed at a volume ratio of 1:1 and spin-coated at 1000 rpm 
to achieve an active layer thickness of ~310 nm as determined with a Veeco Dektak 150 
profilometer. Total concentration of 30 mg/mL was used in order to make 200 nm thick films. 
The films were then treated with solvent annealing and finished with thermal evaporation of a 
Ca/Al cathode (20 nm and 80 nm) under a 10-6 mbar vacuum. 
 
Solvent annealing: Solvent annealing was performed in a nitrogen glove box with conditions 
O2 <1 ppm and H2O <1 ppm. Tetrahydrofuran (1.5 mL) was injected into a glass Petri dish 
(volume 40 mL radius 5 cm). The Petri dish was closed for 2 min to let the vapour saturate the 
inner atmosphere. Then BTR:PC71BM films were attached on the back side of the Petri dish 
lid, which was quickly swapped with the lid covering the solvent containing Petri dish. The film 
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was about 1 cm above the solvent level during the annealing. After 15 sec the film was removed 
from the petri dish. 
 
Solar cell characterization: Current-density–voltage (J-V) characteristics were acquired in a 
nitrogen glove box with conditions O2 <1 ppm and H2O <1 ppm using a Keithley 2400 Source 
Measure Unit under simulated Air Mass 1.5 Global (AM 1.5 G) 1000 W/m2 illumination (as 
determined by an NREL-certified photodiode with a KG5 filter) provided by an Abet Sun 2000 
Solar Simulator. EQE and near normal incidence reflection spectrum were measured with a 
QEX7 setup from PV Measurements Inc., using a calibrated photodiode. The integrated EQEs 
were within ±10% of short circuit current as a self-consistent measure of system calibration.  
 
Internal quantum efficiency: The IQEs was determined using a previously reported 
methodology [35]. The optical constants of the BTR:PC71BM blends were determined using a 
combination of spectroscopic ellipsometry (J. A. Woollam VUV-VASE ellipsometer) and 
reflectometry (QEX7 setup from PV Measurements Inc) based upon a previously reported 
approach [225]. The optical constants of all the non-active layers have been reported elsewhere 
[193]. 
 
Steady state and transient double injection: Double injection current-voltage curves were 
recorded in the dark using a Keithley 2400 Source Measure Unit. The double injection current 
transients were measured using an Agilent 33250A arbitrary waveform generator synchronised 
by a Stanford Research Systems DG535 delay generated. The signal was recorded using a 
digital storage oscilloscope (LeCroy Waverunner A6200) via a LabVIEW code. 
Resistance dependent photovoltage: Photocurrent and photovoltage transients were recorded 
using the same setup as explained for double injection transients. A pulsed second-harmonic 
Nd:YAG laser (Quantel Brio) working at 532 nm was used with pulse duration of 5 ns. The 
laser beam with ~50 mJ energy output was attenuated with a natural optical-density (OD) filter 
set. Low laser pulse fluences (~OD 7) were used for the RPV mobility measurements in order 
to prevent a redistribution (screening) of the internal electric field and maintaining quasi-short-
circuit conditions regardless of the load resistance. In contrast, a high laser fluence (~OD 3.5) 
was used to measure the bimolecular recombination coefficient on the same devices. 
 
Intensity dependent photocurrent: Light intensity dependent photocurrents, EQEs, and J–V 
curves were determined using a second harmonic Nd:YAG laser (Laserver) operating 
continuously at 532 nm as the illumination source, with a series of neutral density filters 
purchased from Thorlabs and Holmarc used to vary the light intensity. The light intensity was 
calibrated using a calibrated photodiode. The photocurrent was recorded by an Agilent B1500A 
Semiconductor Analyser. 
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Chapter VI: Conclusions and 
Outlook 
Organic semiconductors continue to be of great interest for photovoltaic energy conversion and 
light detection applications due to their solution processability, chemical tunability and 
mechanical flexibility. However, their disordered nature complicates the understanding of the 
critical mechanisms and pathways from the photoexcitation to free charges, and the subsequent 
extraction of these charges in a photovoltaic diode. This renders a systematic improvement of 
their photovoltaic performance difficult, and necessitates more research and the development 
of new experimental methodologies to understand the underlying physical mechanism which 
control these processes. 
 
The work described in this thesis is motivated by these considerations. Chapter I contains a 
general introduction to the research topic. Chapter II establishes the theoretical and 
experimental background for the result chapters of this thesis, and highlights in Section II.9.6 
important optimization strategies for future materials design via an increase of the dielectric 
constant, the charge carrier mobilities, or the CTS lifetime. The work presented in Chapter III 
(Section III.1) presents a newly developed transient photovoltage technique that we term 
“RPV” to quantify the mobility and recombination rate constant of charge carriers moving in 
the percolated donor/acceptor pathways towards the extracting electrodes. The developed 
methodology provides key advantages over other conventionally used charge 
mobility/recombination measurement techniques, notably it is applicable to operational 
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devices. Inspired by the need to selectively optimize the processes which control the 
photocurrent output of the cell, such a charge photogeneration and extraction, a technique to 
quantify and disentangle both efficiencies is developed in a next step, and introduced in 
Chapter IV. The study in Section IV.1 presents an improved methodology based on the 
existing light intensity dependent photocurrent measurement technique to quantify bimolecular 
recombination losses under operating conditions. A model based on the space charge/transport 
limited photocurrent (𝐼SCLC) has been established to predict and minimize these losses for given 
solar cell parameters such as thickness, voltage and carrier mobilities. Throughout the work 
described in this thesis, the model’s predictions have been validated for a large number (>25) 
of BHJ OSC systems under various experimental conditions. Section IV.2 describes a 
continuation of charge transport studies using the developed IPC measurement technique. The 
study shows that the non-geminate recombination of free charges, which impacts the charge 
collection efficiency, is strictly bimolecular in typical organic solar cells under steady-state and 
short-circuit conditions, and is therefore distinct in an IPC measurement. Based on these results, 
a simple but conclusive understanding of the charge transport physics has been reached and 
was detailed in Chapter IV. This understanding leads to simple guidelines to avoid charge 
transport losses of typical organic semiconductors in thin-film photovoltaic diodes by keeping 
the photocurrent output of the cell below the 𝐼SCLC. The findings also suggest that the issue of 
free charge carrier extraction is minor compared to the issue of inefficient charge generation.  
 
The next Chapter V details three in-depth studies as to how photons are converted into free 
charges based on the same previously developed IPC technique, corroborated by transient 
absorption spectroscopy. In contrast to many previous studies, the work presented in Section 
V.1 shows that it is the CTS splitting efficiency that significantly limits the photocurrent output 
under operating solar cell conditions and that the CTS dissociation depends on the slower carrier 
mobility. The findings indicate that free charge collection and CTS splitting are similar in the 
sense that both are critically controlled by the slower carrier mobility, which could explain the 
lasting difficulties to understand the impact of geminate (CTS) and non-geminate 
recombination (free charges) on the shape of the 𝐽𝑉-curve. This result was explained in Section 
V.2 by the ability of the slower carriers to leave the donor: acceptor interface via 1) a high 
enough mobility, 2) a sufficiently large domain size, and 3) enough conduction pathways 
(entropy). Lastly, the work introduced in Section V.3 demonstrates how the finite CTS lifetime 
and re-dissociation probability can explain the omnipresent “Non-Langevin” recombination in 
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organic photovoltaic diodes, and highlights the large benefit of re-dissociating CTS for all 
photovoltaic key parameters. Generally, these studies in Chapter V underline the importance 
of optimizing the photocarrier generation quantum yield via a high mobility of both charge 
carrier types to simultaneously maximize the yield of charge photogeneration and extraction. 
 
Going forward, organic solar cells will likely continue to improve from optimizations in 
materials design, material processing, device engineering and an ever-increasing fundamental 
understanding. However, only time will tell whether the challenges associated with their 
relatively low power conversion efficiencies, long-term stability, and scaling issues can be 
overcome. The collection of works on charge photogeneration and transport described in this 
thesis form a simple but powerful model to explain the photovoltaic performance of these 
systems. The findings offer very direct guidelines for device engineering to minimize the 
detrimental recombination of free charges and CTS states, and also identified key principles for 
future materials design, which could potentially bridge the gap to inorganic counterparts in 
terms of efficiency.  
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List of Symbols and Abbreviations 
Roman Symbols and Abbreviations 
𝑎  lattice constant 
A(λ)  device absorption spectra 
BHJ bulk heterojunction 
C capacitance 
CELIV charge extraction using linearly increasing voltage  
Channel I  photoinduced electron transfer 
Channel II  photoinduced hole transfer 
CS  charge-separated state  
CT1 energy of the relaxed charge-transfer state  
CTS charge-transfer state  
CU charge capable of being stored on the electrodes 
𝐷  Einstein diffusion coefficient 
DPP-DTT diketopyrrolo-pyrrole-dithiophene-thienothiophene  
𝑑 active layer thickness  
D*A  excited donor:acceptor state  
D+A- charge transferred donor:acceptor state  
𝑑f (s) distance of faster (slower) carrier to the interface 
e  elementary charge,  
E  electric field 
EAA acceptor electron affinity 
EA electron affinity  
EL  Electroluminescence  
EQE external quantum efficiency 
𝐸A   electro-absorption amplitude 
𝐸b
EX  exciton binding energy 
𝐸C  Coulombic attractive potential energy  
𝐸gap  electrical bandgap  
𝐸gap
optical
  optical bandgap 
𝐸𝑘𝑖𝑛,𝑡ℎ𝑒𝑟𝑚𝑎𝑙   kinetic thermal energy  
FF fill factor 
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𝐺 Gibbs free energy  
HOMO highest occupied molecular orbital  
𝐻(𝑟)  enthalpy as a function of separation distance 
IPD donor ionization potential  
IP ionization potential  
IQE internal quantum efficiency 
ITO indium tin oxide 
𝐼MP maximum power current 
𝐼SC  short-circuit current  
𝐽MP maximum power current density  
𝐽SC short-circuit current density 
𝐽SCL(PF)   space charge limited current density according to the Poole-Frenkel 
model 
𝐽SCL  Space charge limited current density 
𝐽𝑉  current-density vs. voltage  
𝐾 equilibrium constant for charge separation  
k absorption coefficient     
𝑘B  Boltzmann constant  
𝑘bulk  (actual) bimolecular recombiantion rate coefficient (cm
3s-1)  
𝑘d charge-transfer dissociation rate constant 
𝑘diff(EX)  exciton diffusion rate constant 
𝑘f  recombination rate coefficient of the charge-transfer state to the 
ground state 
𝑘L  Langevin recombination rate coefficient  
𝑘m  free carrier encounter rate coefficient  
𝑘r  recombination rate coefficient from the charge-separated to charge-
transfer state 
𝑘slower  slower carrier dependent recombination rate coefficient  
𝑘𝑖𝑗  hopping rate between sites i and j 
LUMO lowest unoccupied molecular orbital 
MDMO-PPV Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-
phenylenevinylene]  
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𝐿D  exciton diffusion length 
n electron density   
𝑁(𝐸) charge-transfer state emission spectra as measured by EL 
nr refractive index 
𝑛CT (𝑛CS ) population of the charge-transfer (charge-separated) state 
OFET field effect transistors 
OLED organic light emitting diodes  
OPD organic photodetector 
OPV organic photovoltaics 
OSC organic solar cell 
p hole density  
PC70BM [6,6]-phenyl-C70-butyric acid methyl ester  
PCDTBT poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2’,1’,3’-benzothiadiazole  
PCE power conversion efficiency  
PDS photothermal deflection spectroscopy  
photo-CELIV photogenerated charge extraction using linearly increasing voltage  
PL Photoluminescence  
PV photovoltaic  
𝑃light power of the incoming light  
𝑃SC electrical power produced by the solar cell 
𝑟  carrier distance 
R  recombination rate (cm-3s-1) 
R(λ)  reflectance spectra  
rr-P3HT regio-regular-Poly(3-hexylthiophene-2,5-diyl  
𝑅CS−CT  rate from CS to CT 
𝑅CT−CS  rate from CT to CS  
𝑟c  Coulomb capture or Onsager radius  
𝑟𝑖𝑗  distance between sites i and j 
SCLC Space charge limited current  
𝑆1 energy of the lowest lying singlet polymer exciton  
𝑆A (B)  energy of the lowest lying singlet exciton of polymer A (polymer 
B) 
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T  temperature.  
T(λ)  transmission spectra  
TAS transient absorption spectroscopy  
tmax maximum extraction time in CELIV 
ToF Time of Flight  
TRMC transient Microwave Conductivity  
TWy terrawatt-years 
𝑡tr charge carrier transit time  
𝑡𝑖𝑗  hopping time between sites i and j 
U  effective driving voltage  
𝑈BI  built-in voltage 
𝑣  charge carrier velocity 
𝑉MP maximum power voltage 
𝑉OC open-circuit voltage  
𝑣0   phonon vibration frequency or the jump-attempt rate 
𝑣𝑖𝑗  hopping velocity between sites i and j 
ZnOOEP Zinc octakis (B—octyloxyethyl) porphyrin  
  
  
Greek symbols and abbreviations 
𝛼 light absorption coefficient   
𝛾  the inverse localization radius 
𝛾CT  reduction factor due to finite charge-transfer state recombination 
probability 
𝛾enc  reduction factor due to encounter limited recombination 
𝛾L  reduction factor of the bimolecular recombination rate coefficient 
𝛾PF  electric field dependence factor of the mobility according to the 
Poole-Frenkel model 
Δ𝐸CS
A   energetic driving force for separation 
Δ𝐺B  Gibbs free energy barrier 
Δ𝐸  Coulomb binding energy  
Δ𝐺 change in the Gibbs free energy  
Δ𝑃/𝑃  relative change in microwave power 
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𝛿EA energy level offset between donor and acceptor electron affinities 
𝜖𝑖𝑗  energy between sites i and j 
ε0 vacuum permittivity 
εr  relative dielectric constant 
𝜂ABS  absorption efficiency  
𝜂COLL charge collection efficiency 
𝜂CT charge-transfer state dissociation efficiency 
𝜂EX  exciton diffusion and dissociation efficiency 
𝜂GEN charge generation efficiency 
𝜆 reorganization energy   
𝜇  charge carrier mobility 
𝜇0 zero field mobility  
𝜇e(h) electron (hole) mobility 
𝜇f(s) faster (slower) carrier mobility 
𝜏 charge carrier lifetime  
𝜏e (h) electron (hole) lifetime  
𝜎  electrical conductivity 
𝜎r recombination cross section  
𝜑(𝜆) air mass 1.5 global (AM1.5G) solar spectrum with 100 mW/cm2 
Ω(𝑟) electron-hole configurations as a function of separation distance 
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